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NASA W-10,227 

ORGANIC SEMICOKDUCTORS 

C. Hamann 

1. Introduction 

I The study of the semiconductor properties of organic so l ids  has become an /484* 
extensive d isc ip l ine  i n  sol id  s t a t e  physics i n  recent years. Research has been 
concentrated on a l l  phenomena tha t  are associated with charge transport  i n  indi-  
vidual molecules and molecular c r y s t a l s .  Because of the prac t ica l ly  unlimited 

~ 

I number of organic compounds, a wide f i e ld  has been opened f o r  the synthesis and 
, investigation of semiconducting structures.  With the accretion of experimental 

and theore t ica l  results in the f i e ld  of semiconductor physics, there has been a 
number of attempts t o  upen up new areas that 
organic semiconducting compounds for spec ia l  technical problems. The r e su l t s  in- 
crease our knowledge of semiconductor physics i n  the f i e l d s  of organic synthesis, 
s t ruc ture  research and crystallography. There i s  a spread t o  related f i e l d s  such 
as  biochemistry, biophysics and organic catalysis ,  which should extend s t i l l  more 

I 
us to antfcipate the use of 

I 

I i n  the future .  

I 
~ 2. Histor ical  Outline 

The development of the research is  t reated i n  a number of surveys (refs .  
1-4b) .  For t h i s  reason only signif icant  stages w i l l  be mentioned. 

Although the investigation of the semiconductor properties of organic com- 
pounds represents a r e l a t ive ly  young science, the first works extend back t o  
the tu rn  of the century. I n  1906 Pocchettino discovered the photoconductivity 
of anthracene (ref. 5 )  of which the  dark conductivity and spec t ra l  s ens i t i v i ty  
of the photocurrent were examined i n  the  years l 9 l O  t o  1913 ( refs .  6 and 7). 
the 1930's experiments on the photoconductivity of tr iphenyl methane dyes were 
begun ( re f .  8) and the amplification of photoemission of alkaline metals by 
aromatic compounds w a s  discovered (ref. 9 ) .  

I n  

Szent Gyargyi furnished a prologue t o  works of strongly biophysical char- 
ac t e r  ( re f .  10) when he discovered a correlat ion with energy t ransfer  processes 
i n  the l iv ing  organism from the work on charge transport  i n  organic materials, 
par t icu lar ly  the photoconductivity of proteins.  

In  1941 Vartanyan (ref. 11) began h i s  basic work on dyes, which l a t e r  /485 
led him, independently of Eley (ref. 12), tJ the discovery of the semiconductor 

*Numbers given i n  margin indicate pagination i n  or ig ina l  foreign tex t .  



properties of phthalocyanines (ref. 13). A t  the end of the l95O's polymers 
(e.g., refs. 14-18) and charge t ransfer  complexes (e.g., refs. 19-23) were 
drawn in to  the research and during the years 1959 t o  1961, building on mea- 
surement techniques and theore t ica l  methods, the works on natural  vegetable 
and animal substances increased (e.g., refs. 24-28). 

Kepler, Biers tedt  and Merrifield published investigations i n  t h i s  frame- 
work r e l a t i %  t o  TCEQ complexes ( re f .  29) which emerged a s  the organic corn- 

pounds with the highest  conductivity known a t  the t i m e ,  namely 100 (Gem)-'. 
Recently, by measurements of thermal voltages (refs. 30-34), of the Hall e f f e c t  
(refs. 35-39), and by opt ical  methods f o r  determination of ca r r i e r  mobility 
(refs. 40 and 41), successful experiments have been undertaken t o  c l a r i f y  the 
conduction mechanism i n  organic compounds. 

These refined and comprehensive measurements have contributed t o  the con- 
cept apparently enunciated b y  Inokuchi i n  1954 which defines "organic semi- 
conductors" and t o  the indication of i t s  va l id i ty  fo r  specif ic  organic com- 
pounds and whole classes  of substances. 

3 .  The Basis of Charge Transport 

3.1  The system of conjugated double bonds 

I n  general, organic C O m p O ~ d S ,  depending upon t h e i r  e l e c t r i c a l  properties, 

belong t o  insulators  with spec i f ic  room temperature conductivity of CJ 5 10- 14 

(Dcm) -1. 

- 

.t ' -8, -U -ic -E -ff -8 -6 -4 -2 0 2 4 6 

. -  
k37[U&%W!&-- 

._ 

Figure 1. Comparison of the elec- 
t r i c a l  conductivity of inorganic 
and organic solids. 
1, Organic insulator;  2, aromatics; 
3, polyacrylnitri le;  4, complex 
of charge t ransfer .  
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For cer ta in  charac te r i s t ic  organic semiconductors figure 1 shows t h a t  the 
conductivity of organic compounds i n  special  cases i s  more accurately expressed 

as  (T 5 10 (hzcm)-l. This unusually high conductivity f o r  such substances can be 
traced back i n  agreement with the special  bond relationships i n  the individual 
molecule. The chemical structure of organic semiconductors almost without ex- 
ception shows a system of conjugated double o r  t r i p l e  bonds of the form /486 

o r  

wherein nitrogen, sulfur ,  phosphorus and other elements can be drawn i n  as 
heteroatoms i n  the conjugation 

I ? I  
(4 =I& * c-8 =). ., 

This charac te r i s t ic  s t ructure  and i t s  propert ies  demand close consideration. 

In  the simplest case the four valence electrons of carbon form four uni- 
form electron clouds which derive from the mixing of a 2s e lectron and three 

2p electrons.  
enter  i n t o  electron clouds which are  cylinder-symmetrical with reference t o  the 
bond axis of the atoms, which leads to  f r ee  r o t a t a b i l i t y  around the C-C axis. 

These four sp3 hybrids, together with those other C-atom bonds, 

A second hybrid state consists of three mutually equivalent sp2 valence 
hybrids which are arranged as a t r iangle  i n  one plane and a 2p, electron whose 

d is t r ibu t ion  Aznction i s  i n  the form of a dumbbell perpendicular t o  t h i s  plane. 

If two sp2 hybrids are joined t o  a covalent bond, there  occurs on the one hand 
a (5 bond with cylinder symmetrical electron dis t r ibut ion,  through overlap of 

two sp2 clouds. 

without losing t h e i r  symmetrical character. 
which separates the posit ive and negative areas of the wave function. A fi bond 
with an asymmetrical d i s t r ibu t ion  of the electron charge develops, with the re- 
su l tan t  r i g i d i t y  against  rotat ion about the C-C axis. 
form a double bond. 

On the other hand the individual ?pz electron clouds fuse 

Thus the nodal surface i s  retained, 

The rs and sf bonds together 
A t r i p l e  bond i s  composed of one rs bond and 2 II bonds. 

3 



Figure 2. Atom s t a t e s  i n  con- 
jugation systems: a, isolated 
bonds; b, conjugated double bonds; 
e, conjugated t r i p l e  bonds. 

/ 
HC 

II 
HC 

\ 

Figure 3. Structure 
formula o f  cyclooctatetrane. 

I n  a s y s t e m  of conjugated double o r  t r i p l e  bonds, with increasing conjuga- 
t i o n  the character of the isolated bonds i s  l o s t  through R electron displace- 
ment. This statement i s  unequivocally supported by measurement of the 
atom distances ( f ig .  2).  
C-C bond spacing (e.g., 0.139 nm i n  a system of conjugated doubled bonds). 

/487 - 
Expanded conjugation systems then have an average 

Conjugated systems are  energetically more stable than nonconjugated equal 
sum formulas. The occurrence of a I[ e lec t ron  cloud par t icu lar  t o  a molecule i s  
bound t o  an even arrangement (polycyclic aromatics are coplanar i n  an expansion 
of the molecule by 0.1 nm t o  f 1 pm. 
planari ty  as  i n  cyclooctatetrane ( f i g .  3) all the other charac te r i s t ics  of an 
even conjugaged system vanish. An i n f in i t e ly  expanded conjugation system can 
be t reated quantum mechanically l i k e  a metal, on the basis  of the free mobility 

4 

If the poss ib i l i t y  i s  lacking for co- 



of the x electrons. An approximation of t h i s  state i s  presented by graphite 
which can be regarded a s  a highly condensed aromatic compound. 
structured conjugation system would have t o  be superconductive i n  the direct ion 
of the conjugation series. 
r e t i c a l l y  t h a t  organic superconductors would have t o  r e t a in  t h e i r  properties 
even above room temperature. 

An idea l ly  

Recently, L i t t l e  ( ref .  190) w a s  able t o  show theo- 

3.2 The crys ta l  s t ructure  

The considerations indicated under 3.1 shaw t h a t  the  t r ans i t i on  of the 
charge ca r r i e r  from the conjugation system of one molecule t o  another must be 
of major importance f o r  the development of semiconductor properties. 
mechanism of charge t ransfer  i s  affected subs tan t ia l ly  by the spa t i a l  in te r -  
re la t ionships  of the molecules. 

The 

Organic molecular c rys ta l s  without exception belong t o  the lower symmetry 
classes  (mostly monoclinic l a t t i c e s ) .  Their c rys ta l  l a t t i c e s  are  in t r i ca t e ,  
and the determination of the c rys ta l  c l a s s  is  made addi t ional ly  d i f f i c u l t  be- 
cause of the complicated s t ructure  of the elementary ce l l s .  For t h i s  reason 
the c rys ta l  s t ructure  of only a r e l a t ive ly  small nmber of organic molecular 
c rys ta l s  has been determined. 

As  an example we r e f e r  t o  crystallographic data concerning some phthalo- 
cyanines. @-modification phthalocyanine c rys ta l s  belong t o  the c rys ta l  c lass  

C2h. Table 1 shows the dimensions of elementary c e l l s  each consisting of two 

molecules ( re f .  42). Figure 4 gives an impression of the s p a t i a l  arrangement 
of the phthalocyanine molecule i n  the elementary c e l l  of metal-free phthalo- 
cyanine. 
molecules adjacent t o  C atoms of 0.34 nm, i .e . ,  the minimum distance usually 
set by the Waals forces i s  obtained. With the approach of the molecules there  
is  a s l i g h t  overlap of the II electron clouds. Similar relationships e x i s t  i n  
other  organic molecular crystals.  

High molecular compounds are generally amorphous or  have a p a r t i a l l y  

5 

The assumption of this arrangement leads t o  a maximal approach of /488 

crys ta l l ine  structure.  The formation of l a rge r  c rys ta l  domains i s  strongly 
inhibited by the complexity of the bonding forces which are often directed by 
the pressure of a molecular weight dis t r ibut ion through side chains and cross- 
linked molecules. 
c rys ta l l izes  i n  a hexagonal l a t t i c e  (a = b = 0.617 nm, c = 0.51 nm = phase axis  

' e = 120') (ref.  43). Most high polymers have monoclinic o r  t r i c l i n i c  c rys ta l  
domains. The chain-chain distance, in  comparison t o  those of molecular c rys ta l s ,  
is  large.  
acry loni t r i le  and other high polymers i s  not known. 

Polyacrylonitri le which i s  important f o r  fur ther  observations 

The crys ta l  s t ructure  of thermal and radiochemical products of poly- 



TABm 1. 
CRYSTALS OF BETA MODIFICNION 

DATA CONCEfwIlpG EIZMEXTARY cEu;S OF PETHALoCY~NE 

Axis length (nm) 
Material 

b c a 
Angle 

B 

Be -Pc 
Mn-Pc 
Fe -Pc 
co-Pc 
Ni-Pc 
cu-Pc 
Pt-Pc 

Figure 4. The posit ion of the 
copper phthalocyanine molecule 
i n  the elementary c e l l  of the 
monoclinic -Crystal. Intersec- 
t ions between molecular planes 
and ab planes are  drawn in.  
a = 1.96 nm; b = 0.479 nm; 

120.6'. (According t o  Heilmeier 
and Harrison (ref. 39). ) 

-- 

c = 1.46 nm; CL = y = 900; B = 

2.12 0.484 1.47 
2.02 0-  475 1.51 
2.02 0.4n  1.50 
2.02 0 . 4 n  1.50 

1-96 0.479 1.46 
2.39 0.381 1.69 

1.99 0.47 1.49 

4. Theory of Charge Transport 

4.1 The electron gas model 

As indicated i n  3.1 the A electron cloud i n  conjugated systems can be/488 
t reated l i k e  an electron gas. 
po ten t ia l  w i l l  be established as a f l a t  box (refs .  44-46). 
brought about by the l a t t i c e  can be overlooked because of the screening e f f e c t  
of ' the electrons.  

For a one-dimensional conjugation system the 
The per iodici ty  

~ ___ 

A system of N x electrons i n  the one-dimensional case has a length of 
a = NX1 i n  the x-direction, whereby '=0.139 nm must be established. 
Schradinger equation which i s  independent of time i s  

The 

I 122.25O 
121.0" 
1 2 1 . 7 O  
121.6O 

120.6O 1 129.6' 

6 I 



and leads t o  the energy eigenvalue 

The highest  occupied leve l ,  i n  consideration of the Paul i  principle i s  

and the f i r s t  vacant l e v e l  is  

The calculation r e su l t s  i n  a lowest exci ta t ion l e v e l  5E, /489 

By a s imilar  calculation there  i s  found f o r  a closed conjugation system hy- 
pothesizing a cyclic e lectron gas 

1 ba 
N 4 m T '  

A E l = - - .  ( 3 )  

where h = Planck's constant and m = electron mass 

If there  i s  no complete bond balance i n  small conjugation systems, the 
periodic var ia t ion of the poten t ia l  in the poten t ia l  box can be taken in to  ac- 
count by assumption of a sinusoidal potent ia l  charac te r i s t ic  -(ref. 47). 
minima of t h i s  po ten t ia l  are  i n  the middle of the shorter-bonds. 
v = v0 * s i n  ( s / l )  x (Vo = a f e w  0.1 eV): 

The 
With 

(4) 

- -  - 
The treatment of branched conjugation systems with t h i s  model leads t o  d i f f i -  
cu l t i e s  i n  calculation. The incorporation of heteroatoms can be accomplished 

7 



by a potent ia l  pot a t  the location of the heteroatom. 
is taken i n t o  account by assumption of an elongated conjugation system. 
tem of conjugated t r i p l e  bonds always has a substant ia l ly  weaker compensation 
of the bond lengths. Vo increases sharply. 
l e s s  mobile (ref. 47). 

The e f fec t  of end groups 
A sys- 

The YC electrons are  substant ia l ly  

4.2 The tunnel e f f ec t  

If there are only localized electron states i n  an organic molecular c r y s t a l  
or amorphous organic solid,  electrons can be raised t o  a vacant l e v e l  by thermal 
or photoelectric excitation. Electrons and also holes encounter vacant levels  
i n  neighboring molecules, whereby the t r ans i t i on  from molecule t o  molecule can 
occur by tunneling. 
there  i s  the probabili ty of tunneling and therewith a statement can be made on 
the mobility of the charge carr ier .  With the simplified assumption of a poten- 
t i a l ,  there r e su l t s  

With a known potential  between adjacent conjugation systems, 

f o r  the permeability of the potent ia l  ba r r i e r  f o r  electrons with energy E 

Eley and P a r f i t t  ( ref .  48) using equations (2) and (3) f o r  the dependence of 
thermal exci ta t ion energy of the charge ca r r i e r  upon the number of YC electrons,  
found a sa t i s fac tory  agreement with measured values on bonds with predominantly 
aromatic character. Thereby the statement of the model concerning equal i ty  of 
thermal exci ta t ion energy and long wavelength absorption edges i s  a l so  sup- 
ported. The values entered i n  figure 5 fo r  the exci ta t ion energies are obtsined 
according t o  conductivity measurements /490 

u = a, exp (-AB12 E T) 8 ( 6 )  

where (5 = conductivity, 
a. = preexponential factor ,  

AE = thermal exci ta t ion energy, 
k = Boltzmann constant, and 
T = absolute temperature. 

8 



N- 1 

Figure 5. The dependence of thermal 
act ivat ion energy AE of the charge 
ca r r i e r  upon the number of sc electrons N. 
a,  open conjugation system; by  cyclic 
conjugation s y s t e m  (according t o  E l e y  and 
P a r f i t t  ( ref .  48) supplemented according 
t o  Meier ( re f .  130)); 1, naphthalene; 
2, anthracene; 3, naphthacene; 4, pentacene; 
5,  perylene; 6, p-terphenyl; 7, isovio- 
lanthrone; 8, hydraquinone; 9,  chrisoidin; 
10, naphthene orange; 11, Bengal rose, 
12, methylene blue; 13, orthochrome T; 
14, pinacyanol; 15, Victoria blue. 

4.3 The bands m o d e l  

I n  the case of stronger exchange e f f e c t  betwzen K electron clouds, certain 
e lectron s t a t e s  are dislocated over the en t i r e  molecular c rys t a l  and spread as  
bands ( f ig .  6). 
pa r t  i n  u bonds present only s l igh t ly  perturbed energy levels ,  the  sc electrons 
belong t o  the c rys ta l  as a whole. 
molecular spectrum t o  the band spectrum of the crystal .  

While electrons of the inner atomic s h e l l  and such as  take 

Figure 6 shows the s p l i t t i n g  of the discrete  

A t  temperature T = 0 the valence band is  completely occupied and, 1491 
l i k e  the vacant conduction band, it makes no contribution t o  conductivity. A t  
temperatures T > 0,in the case of i n t r in s i c  conduction,electrons are raised t o  
the conduction band and holes develop i n  the valence band. Both kinds of car- 
riers are mobile and contribute t o  conduction. The electrons follow the  Fermi 
s t a t i s t i c s  with an apparent occupancy of e lectron s t a t e s  

*- -“c -- 

9 



1 Conduction 
band 

* ‘  
I I 

X- 

Figure 6 .  Band energy model: 
A, Acceptor level; I), Donor l eve l  

where EF = Fermi level.  

The concentration of the charge c a r r i e r  n a t  temperature T i s  

with 

the e f fec t ive  s t a t e  density i n  the valence and conduction band. Here ELv = 

energy difference between conduction and valence band; and m: = ef fec t ive  
YP 

mass of electrons or holes. 

Conductivity CJ must then satisfy the  equation 

with mobility p of the charge carr ier .  

With s t ruc tu ra l  defects i n  the c r y s t a l  and/or foreign molecules ( f ig .  6) 
donor or acceptor terms are developed and therewith ex t r ins ic  conduction with 
a thermal exci ta t ion energy of the charge ca r r i e r  E < ELv. Usually there are 

d i f fe ren t  concentrations of p and n car r ie rs .  With suf f ic ien t ly  high 

10 



, 

temperature and exhaustion of defects the ex t r ins ic  conduction goes over i n to  
the i n t r i n s i c  conduction range. 

Equations f o r  the H a l l  e f f e c t  and thermal voltage on the bas i s  of the 
bands model w i l l  be given i n  the following section. 

4.4 The hopping process 

I n  recent years the conductive phenomena i n  semiconductors with extremely 
l o w  mobili3$have been theore t ica l ly  examined (refs. 49 and 50), whereas elec- 
t r i c  conductivity i n  semiconductors with high mobility i s  w e l l  summarized i n  
the bands model. 

It must be assumed i n  cer ta in  c r y s t a l s  t h a t  the charge ca r r i e r  i s  trapped 
i n  l a t t i c e  deformations which can be caused by the charge ca r r i e r  i tself .  The 
condition f o r  self trapping i s  

where g = 
Ed = 

C =  
a =  

m* = 

mo - - 

Ed m*/'%, 1; 
c ,  

g = 0.036 
~ r r l  

Ca 

-- 
coupling constant with acoustic l a t t i c e  osc i l la t ions ,  
deformation potent ia l ,  

modulus of e l a s t i c i t y ,  
l a t t i c e  constant, 

, 
I 

effect ive mass, and 
e l e  c tron mass . 

If g < 1, conditions e x i s t  which can be comprehended by the concept 
of dislocated charge car r ie rs .  I n  the case of a strong exchange ef fec t ,  
localized s t a t e s  occur; the charge car r ie rs  are f i x e d  i n  l a t t i c e  deformations 
by forces with short  radius of influence. The car r ie rs  can then jump in t e r -  
mit tent ly  through multiphonon processes t o  the next l a t t i c e  deformation. 

1492 

An important d i s t inc t ion  i n  comparison t o  d r i f t  i s t h e  lack of H a l l  e f f ec t .  

The theore t ica l  treatment subst i tutes  electron-phonon wave packets f o r  
pure electron clouds. 
value of the magnitude of energy indeterminateness of the wave packets thr%Ggh--- 
sca t te r .  
cupies a s ea t  on the l a t t i c e .  If T is large i n  comparison t o  the period of 
l a t t i c e  osc i l la t ions ,  a l a t t i c e  perturbation occurs a t  the occupied spot. 
a two phonon process i s  predicated for charge transport ,  there i s  found 

With nonpolar l a t t i c e s  the band width diminishes t o  a 
- -  . 

Here, relaxation t i m e  T i s  the t ime during which a charge c a r r i e r  oc- 

If 

11 



f o r  mobility ( re f .  49). Here 

a = l a t t i c e  constant, 
0 = &bye temperature, 
W = band width, and 
g = coupling constant. 

4.5 Ionization and exciton dissociation 

I n  the corpuscular picture,  Riehl (refs. 51 and 52) places a primary ac t  
f o r  the existence of a free charge car r ie r  i n  an organic molecule c rys ta l  on 
the ionization of the individual molecule. For formation of a neighboring ion 
pair ,  i .e . ,  f o r  t ransfer  of a ‘~f electron t o  another molecule, energy 

i s  used. Here 

= ionization poten t ia l  of an individual molecule, Eion 

Eaff = electron addition energy on a neutral  atom (electron 

e2/r  = Coulomb energy, 
r = intemolecular  distance. 

Upon separation of an ion p a i r  t o  a greater distance,  w e  ob 

a f f i n i t y ) ,  

a in  from (12) , 
taking in to  account the polar izabi l i ty  of the other molecule i n  the sol id ,  

(c: = d i e l e c t r i c  constant). * 
The concentration of the neighboring ion p a i r  i s  proportional t o  

em(-E/kT), i f  monomolecular recombination i s  assumed. 
as the concentration of the pa i r  i s  not so high t h a t  i t s  average distance 
comes t o  the order of magnitude of i t s  extent (ref. 1). 

This i s  valid as  long 

The described mechanism leads t o  currents t h a t  obey Ohm‘s law. The 
deviations of a current-voltage proportionali ty i n  organic compounds which oc- 
cur a t  r e l a t ive ly  low f i e l d  strengths are explained by Northrop and Simpson 
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( re f .  53) by migration of excitons i n  exciton bands. 
the individual molecule, which play a ro l e  i n  opt ica l  absorption and fluo- 
rescence, are propagated i n  the crystal  t o  exciton bands. 
c i t a t ion  energy EA and they are occupied proportionally t o  exp(-EA/kT) . 

Excited s t a t e s  of f493 

They have an ex- 
Only 

the dissociat ion of the excitons i n  an outer e l e c t r i c  f i e l d  leads t o  the oc- 
currence of f r e e  charge car r ie rs  and thereby t o  an increase of conductivity. 

5. Classes of Materials 

Certain classes of materials have become especial ly  in te res t ing  f o r  the 
study of semiconductor properties of organic substances on the basis  of t h e i r  
structure.  I n  most cases only the f i r s t  overal l  measurements are available a t  
present, whereby there are as ye t  no complete c lass i f ica t ions  of the conduc- 
t i o n  mechanism, as f o r  instance i n  the case of the polyacrylonitri le anthra- 
cene, phthalocyanine and special  complexes. 

5.1 Polycyclic aromatics and the i r  derivatives 

These compounds are  among the f i r s t  of the organic substances which w e r e  
studied with reference t o  semiconduction. 
representative of t h i s  group, has a melting point of U70 t o  2180 C, i s  
readi ly  soluble i n  boiling benzene, and is  sublimated i n  a vacuum. The mono- 
c l in i c  c rys ta l s  can be obtained i n  dimensions up t o  a few centimeters i n  each 
ax ia l  direction. 

Anthracene ( f ig .  7) as  the main 

I n  addition t o  anthracene there i s  a whole spectrum of polycyclic aromatics 
t h a t  are  obtainable from coal t a r ,  among them pyrene, coronene and ovalene 
which present a d i s t i n c t l y  parquet-like s t ructure  of the conjugation system 
(f ig .  7). Derivatives can be produced by subst i tut ion reactions from a l l  aro- 
matic compounds. The variable chemical s t ructure  makes possible investigations 
on the e f f e c t  of small perturbations i n  the conjugation system upon the conduc- 
t i on  mechanism. 
b u i l t  up from a system of aromatic six-member r ings can be regarded as highly 
condensed aromatic compounds. 

As a f i n a l  consequence, the planes of the graphite l a t t i c e  

I _  

5.2 Organic dyes with ion bonding. Triphenyl methane dyes 
- - -- 

Triphenyl methane const i tutes  the basic substance of the t r iphenyl  
methane dyet*such a s  malachite green, fuchsin and crys ta l  v io le t ,  which are  
mostly present i n  the form of chlorides. Related compounds are phthaleins 
such a s  eosin and erythrosin which must be formulated as s a l t s .  The ionic  
character of the conjugation system has a s ignif icant  influence on the conduc- 
t i on  mechanism. I n  cat ionic  dye salts an electron i s  given off  t o  the con- 
jugation system by the substi tuents.  
velops i n  the v is ib le  spectrum range and therewith a deepening of color of the 
complex. 
f e c t  --CH3, --OH, --OCH3, --NH2, --NHCH3, --N(CH3)2. 

/494 

A t  the same time an absorption band de- 

Such subst i tuents  a r e  i n  the ser ies  with increasing auxochromic e f -  
This e f f e c t  can be 



. -  
H 

Figure 7. Polycyclic aromatics. 
1, Anthracene; 2, Coronene; 
3, Fy-rene; 4, Ovalene. 

explained as an exchange e f f e c t  of the individual electron pa i rs  of oxygen and 
nitrogen with neighboring YC electrons. In  the anionic dye s a l t s  the substi tu- 
en t s  are able t o  take up electrons from the conjugation system. This property 
increases i n  the series 

Figure 8 shows examples of an anionic and a cationic organic dye, respectively. 

5.3 Halide and a3kaline m e t a l  complexes 

Polycyclic aromatics and t h e i r  derivatives readi ly  form additive molecular 
complexes with bromine o r  iodine (fig. 9). With the introduction of halide t o  
solutions of polycyclic aromatics, deep-colored complexes are  formed which & 
are present as  1:l-, 1:2- or  1:3-complexes (ar0matic:halide) o r  a s  a mixture of 
such complexes. 

To an equal degree, aromatic molecules are capable of acting as electron 
acceptors, forming complexes with potassium, sodium and lithium, which however 
are not i n  stoichiometrTc proportions. I n  both cases the role  of intermediary 
of the added halide o r  alkaline metal atom i n  charge t ransport  i s  of grea t  in- 
t e r e s t .  
mentioned i n  sect ion 5.2. The complexes can be obtained i n  c rys ta l l ine  forms. 

The acceptor o r  donor properties can be reinforced by the subst i tuents  

14 
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Figure 8. Anionic and cat ionic  
organic dyes. 1, Malachite 
green; 2, Erythrosin. 

Figure 9. Perylene- 
iodine complex. 

5.4 Additive complexes between two organic molecules. Charge t ransport  
complexes 

Molecular complexes can a l s o  occur through complex formation of two 
organic substances with acceptor and donor properties.  
of i n t e r e s t  here have quinone, polynitroaromate, tetracyanoethylene, chloranil ,  
bromanil, iodanil ,  e t c . ,  as acceptor s t ructures ,  while preponderantly aro- 
matics and t h e i r  derivatives function a s  donors. These complexes are  only 
s l i gh t ly  r e s i s t an t  t o  temperature since t h e i r  formation proceeds with scant in- 
volvement of the components i n  the structure. They are  p a r t i a l l y  detectable i n  
solution, o r  even only i n  solution. 
e lectron a f f i n i t y  of the acceptor and diminishing ionizing energy of the donor. 
With par t icu lar ly  strong exchange ef fec t  there i s  an electron t r ans fe r  i n  the 
donor-acceptor system. We then speak of charge t ransfer  complexes. Mullikan 
assumes a complex mesomery of the form 

The complexes t h a t  are 

Their s t a b i l i t y  increases with increasing 

where A,D = s t a t e  without donor-acceptor ac t iv i ty ,  and = s t a t e  of trans- 
f e r  of an electron with spin compensation--covalency type bonding 
s t a t e .  

The first mesomeric form usually predominates. The second i s  referred t o  
fo r  c l a r i f i ca t ion  of low dipole moments, high conductivity with especial ly  
strong exchange e f f e c t  and paramagnetism. 
velopment of an absorption band i n  the v is ib le  spectrum range i s  i n  good 
agreement with the assumption 

The deepening of color through de- 



where hv = energy of the absorption tern, 
ID = ionization energy of the donor, 

EA = electron a f f i n i t y  of the acceptor, 

WAD = exchange e f f e c t  energy. 

5.5 Heterocyclic compounds 

Porphyrine and phthalocyanine are heterocyclic conjugated systems of high 
coplanarity, 
porphyrin base skeleton ( f ig .  10 ) .  Metal-free phthalocyanine and a major pa r t  
of the metal phthalocyanines are  temperature r e s i s t an t  up t o  5000 C,  chemi- 
ca l ly  very s table ,  subject t o  sublimation, soluble i n  su l fur ic  acid, quinoline 
and alpha chlornaphthalene . By incorporation of univalent, bivalent,  /496 
t r iva l en t  and te t ravalent  metals as w e l l  as by subst i tut ion on the nucleus, 
var ia t ions and perturbations of the  conjugation system can be developed. 
i n  a l l  heterocyclics, the number and arrangement of the fi electrons i s  not 
changed i n  principle by subst i tut ion of a nitrogen atom f o r  a CH group. 
ever the symmetry of the K electron kloud i s  disturbed by the higher effect ive 
nuclear charge of the nitrogen. 
e lectron pair .  

I n  phthalocyanine there are  four benzene nuclei  bound t o  the 

A s  

3 ~ -  

Furthermore each nitrogen atom ca r r i e s  a single 

5.6 N a t u r a l  substances of animal and vegetable origin 

Among the natural  dyes and vitamins there i s  a whole se r i e s  of highly 
conjugated heterocyclic systems, often with a porphyrin skeleton. 

i 

e-C 0-ff 
.-- -- 

Figure 10. Structure of metal-free 
phthalocyanine. 
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Figure ll. Chlorophyll a. 

The plant c e l l  contains chlorophyll ( f ig .  ll) together with carotene and 
xanthophyll bound t o  the albumin as a chromoproteid, which i s  r e s i s t an t  t o  
oxygen and carbon diaxide of the a i r .  
photosynthesis. 

Chlorophyll ca t a ly t i ca l ly  contributes t o  

Ninety-six percent hemoglobin consists of albumin components, and up t o  
four percent is  heme. 
function consists i n  the acceptance and release of oxygen i n  the blood 
circulat ion.  

It i s  the pigment of the erythrocytes. Its physiological 

Vitamin B12 i s  found i n  raw l i v e r ,  m i l k  and cer ta in  fungi cultures.  It I 

crys ta l l izes  i n  dark red needles and contains cobalt i n  the +3 oxidation stage. 
I ts  s t ruc tu ra l  formula shows close relationship t o  the porphine skeleton. 

5.7 Polymers with d i s t i n c t  conjugation system 

Normally, organic high polymers are nonconductive. I n  special  cases 
however, it i s  possible t o  create conjugation systems o r  t o  extend an exis t ing 
conjugation system over the en t i r e  molecule, by thermal treatment or by the 
e f f ec t  of ionizing radiation. 
polyacryloni t r i le  by thermal treatment i n  vacuum and in a i r  ( r e f .  15). 
vinylenese can be formed by sp l i t t i ng  o f f  small molecules from saturated 
macromolecules. It i s  thus possible t o  convert polyvinyl alcohols and poly- 
vinyl e s t e r s  i n t o  conjugated systems without occurrence of a break i n  the car- 
bon chain by the sp l i t t ing-of f  of water o r  alcohols. If the conversion i s  
carried very f a r ,  graphite-l ike structures a re  produced which may however 
s t i l l  contain H-, 0- and N-atoms a f t e r  reaching pyrolysis temperatures of 
8000 C .  In Figure 13 the hypothesized s t ructure  of a pyrolysate is  shown 
which is obtained a t  TOO0 C f r o m  copolymers of divinylbenzene and ethylvinyl- 
benzene ( re f .  54). 

/497 Figure 12  shows the conversion of a 
Poly- 



Thermal o r  

rzdiation chemical 

Figure 12. 
polyacryloni t r i le  through thermal o r  radiochernical 
treatment (according t o  Topchiev and Geiderich, 
ref.  157). 

Occurrence of a conjugation system i n  

A second way t o  high conjugated polymers leads over d i r e c t  synthesis of 
such compounds by catalysis  or  by thermal or  radiochemical means. 
method has been used more and more i n  recent years. 
sized polytetracyanoethylene ( re fs .  55-59a), Marvel e t  a l . ,  polyphthalocyanine 
(refs. 60 and 61), Krenzel e t  al., poly Schiff bases (refs. 62 and 6 3 ) ,  
Wichterle e t  a l . ,  polydicyanoacetylene (refs.  64 and 65) and Pohl e t  a l .  
polyacene quinone rad ica l  polymers (ref. 33) .  
other  goals, there is the problem of cul t ivat ing desired e l e c t r i c a l  properties 
by synthesis, through select ion of monomeric basic s t ructures  and by special  
methods of polymerization. There should be a f i e l d  of grea t  a c t i v i t y  here i n  
the coming years. 

This 
Berlin e t  a l . ,  synthe- 

In t h i s  work, i n  addition t o  

6. Preparation Technique 

6.1 Purif icat ion methods 

Methods can only be selected within the framework of the established /498 
physical propert ies  of the individual substances. 
conjugation system, the d i f f i c u l t i e s  increase. 
yields of a magnitude of 50 t o  90 percent on the basis  of the various reac- 
t i on  p o s s i b i l i t i e s  and the complicated ways of synthesis so t h a t  the react ion 
product must i n i t i a l l y  undergo a coarse pur i f ica t ion .  

With the expansion of the 
Organic syntheses produce 

The subsequent pur i f ica t ion  i s  indicated by the following: 

1. Extraction of foreign materials and unreacted s t a r t i n g  products by 
spec i f ic  solvents. 

2. Repeated recrys ta l l iza t ion  o r  p rec ip i ta t ion  i n  pure solvents. 

3. 
atmosphere. 

Fractional d i s t i l l a t i o n  o r  sublimation i n  high vacuum o r  i n  an i n e r t  
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Figure 13. Structure of a pyrolysate 
from copolymers of divinylbenzene and 
ethylvinylbenzene. 
+ included radicals (according t o  
Winslow, Baker and Yager, re f .  54). 

4. Chromatographic adsorption, divis ion chromatography, gas chromatog- 
raphy, whereby the separating e f f ec t  of the d i f fe ren t  migration r a t e s  of dis-  
solved o r  gaseous materials i s  reduced t o  a two-phase system. 

5. Zone m e l t i n g ,  where the separating e f f e c t  rests on the d i f fe ren t  
so lub i l i t y  of foreign materials i n  the sol id  or l iqu id  phase. 

6.2 Chemical and physical analysis 

The usual c r i t e r ion  f o r  pur i ty  of an organic compound i s  i n  general a 
d i s t i n c t  melting point which remains constant upon fur ther  purif icat ion.  
can be seen from the other indications, many semiconducting organic materials 
do not m e l t .  Aside from the question of purity,  the chemical s t ructure  
and c rys t a l  s t ructure  must be determined when dealing with compounds synthe- 

A s  
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sized f o r  the f i r s t  time. N o  comprehensive 
t e s t s  can be given i n  t h i s  framework. Only 
used w i l l  be presented. 

survey of the necessary analyt ic  
a br ie f  indication of the methods 



TABLE 2. P U R I F I C A T I O N  METHODS: 0 PREFERRED, o PPPLICABU 
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Chroma- 
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0 

0 

0 
0 
0 

0 
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B i b l i -  
ography 

melting 

1. Elementary analysis furnishes data on the weight f rac t ion  of the most 
important elements f o r  the material and allows inferences concerning impurities. 

2. “he W absorption spectra and fluorescence spectra show t races  of 
molecular impurities with a high degree of sens i t iv i ty .  

3. The infrared spectra characterize bonding relationships i n  the molecule. 

4. Thermal scale measurements and d i f f e ren t i a l  thermoanalysis make it 
possible t o  follow the course of polymerization and pyrolysis reactions. 

5. Paramagnetic e lectron resonance serves f o r  determination of the 
density of unpaired electrons i n  solids.  

6. Determination of the molecular weight and i ts  d is t r ibu t ion  is  the most 
important characterization of high polymer compounds. 

I n  addition t o  these methods which permit statements on the s ize  and 
s t ructure  of the molecule, there are those methods such a s  afford determina- 
t ions on crystal l ine o r  pa r t  crystal l ine s t ructure  i n  organic solids,  e.g., 
X-ray s m a l l  angle sca t te r ,  X-ray deflection, and electron microscopy. Also 
the semiconduction data presented i n  the  following sect ion affords indications 
on pur i ty  acd s t ructure  of organic substances. 
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6.3 C r y s t a l  growth and doping 

Organic molecular c rys ta l s  a re  already being used as s c i n t i l l a t o r  
c rys ta l s .  
anthracene and s t i lbene crystals  (refs.  86-88). Single c rys ta l s  of polycyclic 
aromatics can be pulled from the melt ( refs .  89 and 90). Zone melted material 
i s  allowed t o  harden slowly 6y cooling a t  a fixed temperature gradient. C r y s -  
t a l s  a r e  obtained with dimensions of several  centimeters i n  each ax ia l  direc- 
t ion.  By sublimation i n  nitrogen or under vacuum, single c rys ta l s  are devel- 
oped i n  the form of th in  p l a t e l e t s  (ref. 91).  Gruwth from the vapor phase i s  
used i n  preparation of b e t a  phthalocyanine single c rys ta l s  f o r  example. 

For t h i s  purpose methods have been developed f o r  the growth of large 

9 

Needle-like c rys ta l s  30 X 1.0 X 0.5 mm3 are  obtained i n  streaming nitrogen a t  
1 0  t o  30 Torr ( re fs .  31, 91 and 92). Detailed data on seed formation, growth 
conditions and absorption properties of growing crys ta l  surfaces are  presented 

by Honigmann (ref .  93) i n  the growth of 10 X 10 X 3 mm3 hexamethylene t e t r a -  
mine single crystals .  Complexes can be obtained i n  single c rys ta l  form with 
dimensions of several  millimeters by cooling t h e i r  solutions (ca, lDO/week). 
The c rys ta l l iza t ion  processes i n  polymers proceed pr incipal ly  as i n  lower 
molecular organic compounds. 
pentene have recently been obtained as single c rys ta l s  ( re f .  86). 
with d i s t i n c t  conjugation systems have been prepared so f a r  only with crystal-  
l i n e  p a r t i a l  domains. 

Polyethylene, polyoxymethylene, poly-tri-methyl 
Polymers 

The doping of organic compounds with organic and inorganic additions has 
been undertaken using single crystals and polycrystall ine as  well  as amorphous 
materials. 

Northrop and Simpson (ref .  53)  w e r e  able t o  obtain only a very /500 
scanty content of impurities by m e l t i n g  polyclinic aromatics. 
vaporization, because of very different  vapor pressures t h a t  of ten a r i se ,  leads 
t o  no be t t e r  resu l t s .  For t h i s  reason the authors used the method of vaporiza- 
t i o n  of portions of an intimate mixture of both components. 
doped with inorganic additions by swelling i n  aqueous s a l t  solutions and sub- 
sequent drying ( re f .  15). 
phthalocyanine by a nonstoichiometric incorporation of copper atoms. Special 
polymerization catalysts  can also take over the functi-on of a d o p g t  ( re f .  
9). In complexes the excess of donor or acceptor substances has a doping ef- 
f e c t  (ref. 20). 
the  form of  solutions onto polycrystalline powder o r  t h i n  layers  f o r  doping of 
aromatics o r  heterocyclic compounds. After evaporation of the solvent there  
i s  a complex formation on the surface of the microcrystal (refs. 96 and 97). 

Simultaneous 

Polymers were 

Epstein and Wildi ( ref .  35) doped poly copper 

Substances w i t h  strong acceptor o r  donor e f f e c t  are sprayed i n  

7. Measurement Methods 

Known methods of measurement are generally used f o r  investigation of the 
e l e c t r i c a l  properties of organic conpounds. In  order t o  include substances 
with high specif ic  r e s i s t i v i t i e s ,  the method must be designed pa r t ly  with a 
relinquishing of extreme accuracy of measurement t o  the l i m i t  of t h e i r  
sens i t iv i ty .  



7.1 Contacting method 

Organic semiconductors e x i s t  f o r  the most pa r t  a s  polycrystall ine o r  
amorphous powder i n  the form of vapor-deposition layers  o r  as  single c rys ta l s  
with scant mechanical s t a b i l i t y .  A number of methods are u t i l i zed  f o r  
contacting. 

7.1.1 Contacting with set-on metal electrodes 

F l a t  metal electrodes (noble metals, copper, brass) are  s e t  ( re f .  35) on 

semiconductor blanks prepressed a t  a f e w  thousand kp/crn2. A pronounced lower- 
ing of the contact resistance i s  obtained (ref .  2) by use of a pressure of 200 

t o  300 kp/cm2 on the contact surfaces. 
crystals  with gold-plated brass t i p s  (ref. 38) or  platinum w i r e s  ( r e f .  98) as  
electrodes requires  much experimental dexter i ty .  

The use of methods applying single 

7.1.2 Contacting with metal l ayers  

M e t a l  layers  can be prepared by ms ing  on metal f o i l s ,  by vapor deposi- 
t ion,  o r  by the pressing on of metal powder. Riehl ( re fs .  51 and 52) melts 
platinum f o i l s  on naphthalene single c rys ta l s  and f inds Ohm's law supported 

up t o  103v/cm. Mette and Pick contact anthracene i n  t h i s  way but f ind  poor 
semiconductivity above looo C, with improvement through tempering ( r P f .  67). 

Eley presses platinum f o i l  w i t h  80 kp/cm2 onto the semiconductor (ref. 99) .  
Bradley uses nickel f o i l s  f o r  measurements of conductivity under maximum 
pressures (ref. 100). Vapor-deposited m e t d  l ayers  are especial ly  suited as  
light-permeable electrodes.  
ohmic material  (ref. 6 9 ) .  The use of vapor deposited lead leads t o  very 
well-adhering layers  ( ref .  33). Pressed-on metal powder layers  (Ag, Cu, Al 
of a few tenths  of a millimeter thickness yield mechanically s table  contacts 
with good e l e c t r i c a l  properties ( r e f .  101). They are par t icu lar ly  sui table  
where a high heat t ransfer  t o  the semiconductor i s  required (ref. 84). 

They have no polar izat ion separation i n  high 

9 

7.1.3 Contacting with mercury, pastes, suspensions and e lec t ro ly tes  

Mercury e f f e c t s  a contact i n  a mechanically and thermally protective 
manner ( r e f .  67). The contacts are  detachable. Graphite suspensions o r  
s i l v e r  paste f o r  which a f ine  grain is a s t r ingent  requirement are applied t o  
the surfaces of the semiconductors and dried ( r e f s .  37 and 102). This method 
makes spot contacts possible. It i s  useful  par t icu lar ly  f o r  single crys ta l s  
of small and minimum dimensions. Kallman and Pope use e lec t ro ly te  electrodes 
(NaC1-, NaI-solutions) for  inject ion of charge ca r r i e r s  i n  anthracene (refs. 
lo3 and 104). 
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7.2 Measurement of conductivity 

A s  shown i n  figure 1 the m a t e r i a l s  used as organic semiconductors go 
beyond many orders of magnitude of specific resistance.  
be special ly  advantageous to  include i n  the study the high ohmic s t a r t i ng  sub- 
stances which have a semiconducting s t ructure  only as  a r e s u l t  of special  
t reatuent .  In  the second place the  range of temperature measurement should 
be extended as f a r  as possible toward low temperatures. These requirements 

e n t a i l  measuring equipment f o r  resistance measurements t o  ca. 1016 h~. 

c i a l  choice of sample geometry, specif ic  resistance t o  1OI8 0 em can be in- 
cluded. 
of g l a s s  and quartz or  of metal. 
creepage path extensions, or  with metal c e l l s  insulated from each other by 
Teflon o r  polystyrene. 
s t a t s  with l iqu id  circulat ion furnish a slowly r i s ing  o r  falling tempera- 
ture with a homogeneous temperature d is t r ibu t ion  i n  the region of the sample. 

It often appears t o  

BY spe- 

A typical  measuring c e l l  i s  shown i n  f igure 14. Such c e l l s  are made 
The e l e c t r i c  lead-ins are fused i n  with 

A heating system with resistance heating o r  thermo- 

1. Vacuum 
c onne e t  ion 

2. Thermo- 
element 

3. Heating 
c o i l  

4. Copper 
electrode 

(According t o  
ref.  78) 

5.  Compre s s i o n  
spring 

6. Adjusting 

7. Sample 
8. Gas 

screw 

Inlet 

Sehr, Labes e t  a l . ,  

Figure 14. Measuring c e l l  
f o r  conductivity and thermal 
voltage measurements. 



The elevation of temperature must not exceed 10 C / m i n  because of the 1502 
s l i g h t  heat conductivity of organic substances. 
thermometers are advantageously placed i n  the immediate v i c in i ty  of the sam- 
p le  o r  i n  a boring i n  the sample (ref. 105). Conductivity measuring c e l l s  
must allow select ive use of high vacuum and streaming i n e r t  gases. 
construction makes it possible t o  introduce aggressive gases or  t o  make mea- 

surements under gas pressures up t o  12 Q/cm2 (ref .  106). Measuring samples 

with resis tances  of up t o  10 8 hz are  e a s i l y  handzed with Wheatstone bridges and 
compensating c i r cu i t s .  With very high ohmic value samples only electrometer 
tube amplifiers and osc i l l a to r  capacitor electrometers meet the requirements. 
A meticulous e l ec t ros t a t i c  shielding of measuring c e l l s  and leads i s  an abso- 
l u t e  necessity. 

Thermoelements or  resistance 

Special 

7.3 The measurement of thermal voltage 

In recent years the study of d i f f e ren t i a l  thermal voltage has been in-  
creasingly emphasized f o r  explanation of charge transport  i n  organic semi- 
conductors (refs. 18, 29-34, 38, 54, 57, 9, 78, 80, 84, 101, 107-117). 
ditioned by high ohmic measuring samples, methods were worked out t o  allow 

Con- 

measurements of thermal voltage f o r  sample r e s i s t i v i t i e s  up t o  1 O I 2  hl. 

Labes, Sehr and 30se (refs. 78 and 80) use the apparatus of f ipure 14. 

The temperature gradient i s  deter-  
The sample is  placed under spring pressure between two copper electrodes,  one 
of which can be supplementarily heated. 
mined by means of thermoelements. Hamann and Starke (ref. 84) measure thermal 
voltage of high ohmic samples under high vacuum between two copper electrodes 
tha t  a r e  mutually insulated by Teflon sleeves. 
adjusted by two s i l i con  o i l  thermostats. I ts  measurement i s  accomplished by 
platinum resistance thermometers. An o s c i l l a t o r  capacitor electrometer with 

an input resistance of 2 1$5 R and a full scale reading of 1 m v  serves as  a 
sensi t ive indicating apparatus. 
provided by a writ ing recorder. 

The temperature gradient i s  

The indication of s ta t ionary relat ionships  is  

Cardew and Eley ( r e f .  108) use a device s i m i l a r  t o  t h a t  shown i n  f igure 
14, except t h a t  i n  addition t o  a heating c o i l  fo r  adjusting an average tem- 
perature, two supplementary heaters a re  available f o r  the two electrodes so 
t h a t  the temperature gradient as i n  (ref. 84) can be reversed during the mea- 

surement. 
constant voltages of about 200 mV occur i n  the samples which must be com- 
pensated (cf. r e f .  84). 
electrodes,  one of which i s  held a t  23O C while the other i s  radiation-heated 
t o  1000 C ( ref .  110). 
i n g  of the unstabil ized electrodes.  

with two platinum-coated copper electrodes a t  res is tances  of l$o cd and t e m -  
perature gradient 0, f inds contact potentials from 0 t o  20 mV. Measurements 

If samples of loll t o  1012 n are  measured, asymmetrical time- 

W i l d i  measures pyrolyzed polymers between gold-plated 

During the measurement, heat conduction can cause heat- 
Slough ( r e f .  107) using an arrangement 
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of the Seebeck coeff ic ients  a re  carried out a t  temperature gradients of 20° C 
(difference between 120° and 1400 C ) .  

Nelson and Schroeder ( re fs .  32 and 115) measure the thermal voltage quali- 
An electrode is  heated t a t i v e l y  (determination of the sign) on t h i n  dye films. 

i n  a high ohmic apparatus by a s t r i p  lamp. 
s t a n t i a l l y  reduced by careful and clean preparation of the sample. 

Asymmetrical voltages can be sub- 

Fielding and Gutman (ref .  31) measure single c rys ta l s  of copper 1503 
phthalocyanine along the needle axis. 
Teflon block i n  which the single  crystal  i s  f ixed  by s i l v e r  paste t o  two s i l v e r  
wire windings 2 mm i n  diameter. The temperature gradient i s  set i n  the range 
from 700 t o  130° C by a careful ly  shielded resistance heating apparatus. The 
thermoelements are removed during the measurement. 

ground a value of 8 pf i s  indicated, which corresponds a t  1g2 hz sample re- 
s is tance t o  a t i m e  constant of g 50 see. 

Their apparatus consists of a bored 

For cspacitance toward 

7.4 Measurement of the H a l l  e f f e c t  

In  order t o  avoid experimental d i f f i c u l t i e s  t h a t  occur i n  measurement of 
the Hal l  e f fec t  through d r i f t  and noise, measurements were first undertaken on 
l o w  ohmic organic complexes and conductive polymers. 
formly show no measurable Hall effect ,  which permits a l imit ing of t h e i r  Hall 

mobility toward the top: 

Hall voltages are found i n  poly copper phthalocyanine (refs. 35 and 36) and 
polymer-metal mixtures (ref, 117). Balabanov and Frankevich (ref .  120) could 
not confirm measurements on polymeric copper phthalocyanine. Epstein and W i l d i  
( ref .  35) use the measuring apparatus i n  f igure 15 f o r  pressed samples of 0.9 X 
0.3 x 0.8 cm3, 
on metal contacts. A l l  contacts yield reproducible results. Measurements can 
be made a t  temperatures above r o o m  temperature i n  vacuum o r  selected gas atmo- 
spheres. 
c rys t a l s  i n  1962 by Heilmeier, Warfield and Harrison (ref .  37) using an osc i l -  
l a t o r  capacitor electrometer ( f i g .  16a) f o r  measurement of the current passing 
through the sample as  w e l l  as  for detection of the Hall voltage. 
measured value and noise, the  electrometer output voltage had t o  be wri t ten and 
planimetered as a function of t i m e .  
a function of the magnetic f i e l d  f o r  single c rys ta l s  of  metal-free phthalocyanine. 
Delacote and Schott determined the Hall voltage of copper phthalocyanine single 
c rys ta l s  a t  4000 to 6500 K i n  a i r  (ref . 38). 

Complex compounds uni- 

- 0.01 t o  0.04 cm2/Vsec ( re fs .  22, 29 and 101). 

contacted -with s i l v e r  paste, vapor-deposited s i l v e r ,  or pressed- 

Hall mobility was measured fo r  the first t i m e  i n  organic molecular 

To separate 

Figure 1611 shows the curve thus obtained as 

I n  a subsequent work Heilmeier and Harrison ( r e f .  39) used a tech- /504 
nique of d i f f e r e n t i a l  measurement. 

(20X3X0.2 mm3) i s  fixed t o  a quartz sample holder. 
heated by resistance heating, with a pause of 3 hours a f t e r  each change of 
temperature, t o  ensure complete temperature equilibrium i n  the sample and t o  

A copper phthalocyanine s ingle  c rys t a l  

The sample holder i s  
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1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9.  

Insulat ion 
Sample 
Noninductive heating c o i l  
Magnet 
Water cooling 
Gas outlet  
Vacuum connection 
Gas inlet  
Aerating valve 

Figure 15. Measurement c e l l  
f o r  H a l l  e f f e c t  measurements 
(according t o  Epstein and 
Wildi, ref. 35). 

- 2  

c- I. 

avoid d r i f t .  
two electrometer tubes ( f ig .  17). 
are capaci t ively coupled, are w e l l  compensated a t  the output. 
b i l i t y  must be achieved a t  the cost  of reduced sens i t i v i ty .  
plied voltage appears over the gr ids  of the input tubes, so t h a t  f o r  t he  m i n i -  
mum measurable mobility 

The H a l l  voltage i s  delivered by a shielded cable t o  the gr id  of 
With t h i s  c i r c u i t ,  d r i f t  and noise, which 

The high sta- 
H a l f  of the  ap- 

where V = minimum detectable  H a l l  voltage = 0.15 mV, 
%in ~ 

l / w  = length/thickness of the c r y s t a l  = 7.5, 
m a x  B = maximum magnetic induction = 6.5 kG, and 

= maximum applicable voltage = 2 V. V 
Amax 
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Magnetic f i e l d  

1 
I 5 

3 

t A# e 
I C - -  I 

A 

mi I I , 1 1 , I , ,  , , , , , , , , , , , , , ., f 

Figure 16a. 
apparatus, (ref. 37). 
1, Sample; 2, Compensating stage; 3 and 4, Osci l la tor  capacitor 
electrometer; 5, Recording device. 

Block c i r c u i t  diagram of a H a l l  e f f e c t  measuring 

Figure 1611. 
probes, (ref. 37). 

Voltage character is t ic  as  function of time on Hall 

A l l  insulat ions are made with selected Teflon pieces with a r e s i s t i v i t y  of 

2 5 
can be simulated by surface leakage currents.  
119) a l s o  present H a l l  e f f e c t  measuring apparatus and electrode devices f o r  
high ohmic material .  

1$5 h2 a t  400° K. If t h i s  value i s  exceeded, mobil i t ies  of 2 100 cm2/Vsec 
Gobrecht e t  a l . ,  (refs. 118 and 

7.5 Photoelectric measuring processes 

Organic compounds a re  tes ted i n  the  form of s ingle  crystals ,  and as 
vapor-deposited and separated layers  f o r  t h e i r  photoelectr ic  propert ies .  For 
measurement of surface photoconduction, the methods of transverse f i e l d  i l l u -  
mination a re  used f o r  measurement of volume conductivity of longi tudinal  f i e l d  
illumination (ref. la). The necessary light-permeable cover e lectrode i n  
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Figure 17. Schematic f o r  Hall 
e f f ec t  apparatus with two elec- 
trometer tubes (according t o  
Heilmeier and Harrison, ref .  3 9 ) .  

longitudinal f i e l d  illumination is advantageously made as a network of f inely-  
dispersed metal par t ic les  and metal oxides, f o r  the prevention of ba r r i e r  
layers  ( ref .  122). A typical  metal c e l l  i s  shown i n  f igure 18. C e l l s  of  t h i s  
kind consis t  of: 
adjustable sample holder; c )  a window of g lass  or  quartz f o r  l i g h t  inlet;  d )  
highly insulated leads; and e )  a tempering device. 

a )  a glass  or  metallic jacket with vacuum connection; b) an 

For development of continuous or intermit tent  l i g h t  of desired spec t ra l  
composition, there are: 
monochromators or  f i l ters arranged i n  the  beam path. 

f )  devices for modulation of l i g h t  in tens i ty ;  and g)  

For short  t i m e  measprements Boroffka ( re f .  69)  used a 40 cm f 506 
diameter disk from which a 15 mm wide s t r i p  had been cut  from a quarter of the 
periphery. 
was a camera connection, with opening t i m e  equal t o  the pulse duration. 

t r ans i t i on  in te rva l  of the l i g h t  impulses  thus produced was 2 
Kepler ( ref .  40) produces l i g h t  pulses of 2 Fsec duration with a xenon f l a sh  
lamp. 

The rotat ion Yate was 4890 rpm. Ahead of the sector disk there  
The 

10-5 sec. 

Polarized l i g h t  f lashes  with s l i gh t  in tens i ty  but with a high s e r i a l  
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1. Light source 
2. Quartz windm 
3. Vacum connection 
4. Shield 
5. Electrometer connection 
6. Smoothed connection 
7. Bat tery connection 
8. 3Aemaelzaent  
9. Sample 

10. Teflon disk 
11. Copper block 
12. Glass support 

Figure 18. Measuring c e l l  f o r  
photoconduction measurements 
(according t o  Kommandeur, 
Korinek and Schneider, r e f .  94). 

frequency of 108 t o  lo3 cycles can be produced by using Kerr c e l l s  between two 
polar izers  (ref. 123). 

Light i n t ens i ty  i s  controlled over a wide range twough the following 
measures: 
t i o n  in tens i ty  of the l i g h t  source; and c)  change of the magnitude o f t h e ' i n l e t  
s l i t  ( re fs .  9, 124 and 125). 
quantum eff ic iency (number of charge carriers/number of absorbed photons) t o  
make absolute measurements of the l i g h t  in tens i ty  i n  the spec t ra l  range i n  
que s t ion.  

a )  f i l t e r  o r  m e t a l  gr id  i n  the beam path; b) var ia t ion of ill-na- 

It i s  necessary for  t h e  determination-of the 

Sano (ref .  70) uses vacuum thermoelements with a s ens i t i v i ty  of 5.6pV/p.W 

and a t i m e  constant of 3.3 

t e n s i t i e s  of 6 - 1OI8 photons/cm* see, PbS photoelements o r  germanium t r ans i s to r s  
can be introduced. 
the monochromator gap with a thermocolumn and galvanometer ( ref .  126). 

sec f o r  l o w  l i g h t  intensi ty .  A t  maximum in- 

Putseiko measures the energy d is t r ibu t ion  of the a i r  behind 

I n  addition t o  investigations of photoconduction i n  continuous and i n t e r -  
mittent l i g h t  i n  dependence upon temperature and wavelength of the absorbed 
l i gh t ,  methods are used which serve f o r  determination of the sign of the photo- 
induced charge ca r r i e r  and i t s  mobility. 

Akimov ( re f .  12'7) developed a form of dynamic capacitor proposed by Witol 
( re f .  128) for measurement of the contact po ten t ia l  and the sign of the charge 
car r ie r .  The dark electrode consists of a cyl indrical  g lass  f inger  vapor- 
coated with platinum which i s  divided i n t o  four sectors by four narrow cuts  
1 mmwide. 
mains f r ee  for  purposes of comparison. An osc i l la t ing  electrode i s  brought 

Three sectors are  vapor-coated with organic substance and one r e -  

29 



opposite the coatings a t  a distance of 1.0 t o  1.5 mm. 
the pr inciple  of the osc i l l a to r  capacitor whereby the d i e l ec t r i c  i s  formed by 
the semiconducting substance. 

This arrangement uses 

Putseiko (ref .  126) uses the capacitor method of Bergmann ( re f .  129) f o r  
determination of the charge ca r r i e r  sign. 
stance t o  be tes ted i s  placed between two insulating light-permeable plates .  
This csonstnuction is i n  a capacitor. If it i s  now illuminated with intermit tent  
l i gh t ,  an al ternat ing voltage occurs i n  t h i s  device. 
d i t i ona l  voltage, the sign of the photoinduced ca r r i e r  can be determined. 

A t h in  pressed layer  of the sub- 

By application of an ad- 

Kepler can determine the mobility of the photoinduced ca r r i e r  i n  - /507 
anthracene with a s imilar  apparatus (ref. 40) figure 19 shows the block 
diagram of h i s  arrangement. 
ca r r i e r s  develops. Its movement through the c rys ta l  i n  the e l e c t r i c  f i e l d  i s  
observed on the oscilloscope. The pulses have a duration t of a f e w  hundred 
psec. 
t - 1 /V (V=applied voltage) and t - d (d=crystal density).  The mobility f o r  
electrons and holes (the measurement i s  possible simply through reversal  of 
the applied voltage) follows the equation 

Near the illuminated surface a cloud of charge 

If space charge e f fec ts  and surface currents a re  t o  be prevented, 

- -  - _c _I_ 
8. Measurement Results 

The constantly incmasing experimental material  rnakes it possible in s p i t e  
of the much scattered measurement values of the d i f fe ren t  authors t o  draw a 
se r i e s  of in te res t ing  conclusions. 

8.1 The nature of the charge car r ie r  

I n  the materials classes discussed under sect ion 5 ,  conduction processes 
are determinative on the basis of electrons and holes. Proton conduction i n  
cer ta in  polymers and natural  substances with hydrogen cross linkages, and 
proton conduction i n  ice  are only indicated here (ref. 131). The r e l a t ive ly  

I -  

Figure 19. Capacitor-method mea- 
suring device. ly Sample; 2, r ing 
electrode made of s i l ve r  paste; 
3, glass  electrode; 4, amplifier; 
and 5 ,  oscilloscope. 



high conductivity of complexes and polymers with an expanded conjugation system 
(Table 3) supports the above finding. 
concentration, conductivities of t h i s  kind i n  the organic solid are  impossible. 
I n  addition, there i s  the f a c t  t h a t  with use of high current dens i t ies  over 
months-long periods of t i m e ,  there i s  no detectable reduction of conductivity 
( re fs .  51 and 166). The successful Hall experiments with polymeric and mono- 
meric phthalocyanines ( refs .  35-39) also are evidence against  ionic conduction. 

Also with an assumption of m a x i m u m  ion 

From the lack of a measurable Hall e f fec t  it can be concluded t h a t  there 
i s  very s l igh t  mobility of the charge car r ie r ,  and t h a t  conduction mechanisms 
are conceivable t h a t  exclude a deflection of the moved charge ca r r i e r s  i n  the 
applied magnetic f i e l d  (see section 4.4, The hopping process). I n  long chain 
polymers, par t icu lar ly  i n  the case of pyrolyzed polyacrylonitri le,  the mobility 

of charge ca r r i e r s  could be determined as .I 0.003 cm2/Vsec. If t ransfers  of 

charge car r ie rs  are possible only from chain end t o  chain end, the path of the 
charge ca r r i e r  i s  substant ia l ly  predetermined by the s t a t i s t i c a l l y  tangled 
chain molecules ( ref .  4, page 300). Also the correlat ion of the thermal ex- 
c i t a t ion  energy of the charge car r ie r  and the long wavelength l i m i t  of photo- 
conductivity as found f o r  complexes and dyes indicates the electronic  char- 
ac te r  of charge transport  ( re fs .  132-134) (Table 4). 

- 

8.2 The exci ta t ion energy of the charge ca r r i e r  

Organic semiconductors i n  the temperature dependency of t h e i r  e l e c t r i c  
I 

conductivity i n  broad temperature ranges are governed by equation (6 )4  
Figure 20 shows t h i s  behavior f o r  a single c rys ta l  of metal-free 
phthalocyanine ( r e f .  31). The excitation energy of charge c a r r i e r  E which i s  
thus determined i s  a function of the sc electron count i n  polycyclic aromatics 
(cf. f i g .  5 )  and i s  i n  good agreenent with the long wavelength absorption edge 
and the minimum opt ica l  exci ta t ion energy f o r  photoconduction. 
t rue  of ionic  dyes and cer ta in  complexes of two organic molecules ( table  4). 
These interrelat ionships  show the significance of the short  range order, i.e., 
the s t ruc ture  of the individual molecule, f o r  semiconductor properties i n  the 
classes of materials i n  question. The poten t ia l  bar r ie rs  between the individ- 
ua l  molecules are overcome by the tunnel e f f ec t ,  or  the exci ta t ion l e v e l s  of 
the individual molecules are  united by weak exchange forces of van d e r  Waals 
type t o  form bands. 

1513 

The same i s  

The behavior of complexes with conductivities CJ > 10-3 (ha cm)-l and ex- 
c i ta t ion  energies of the magnitude 0.02 eV i s  interpreted by Airapetjanc and 
Rozenshtein by the presence of an occupied bend of the metall ic type, formed 
by donor and acceptor leve ls  (ref.  116). Here the op t i ca l  exc i ta t ion  energy 
exceeds the thermal exci ta t ion energy several  times over. 

I n  general polymers have thermal exci ta t ion energies t h a t  exceed the opt i -  
cal  exci ta t ion energies. 
extended conjugation systems are  the i r  thermal exci ta t ion energies of the 
magnitude of 0.2 eV. 

Only by thermal treatment or  precision synthesis of 

This behavior can be c l a r i f i ed  by assumption of a 
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TmLE ha 
(ACCORDING 

(ev> 

Material 

(d 

Perylene 
Coronene 
Indanthrazine 
Indanthrone 
Flavanthrone 
Pyranthrone 
Pyranthmne 
Ovalene 
Violanthrone 
Violanthrone 
I soviolanthrone 
Isoviolanthrone 

COMPARISON OF TETDMAL AXD OPTICAL EXCITATION ENE=RGIEs 
TO INOKUCHI AND AKAMATU, REF. 2) 

~~ 

Thermal 
exci ta t ion energy 

(4 
2.0 
1.7 
0.66 
0.63 
0.70 
1.07 
1.06 
1.13 
0.85 
0;78 
0.82 
0.75 

Optical I Excitation energy 
absorption edge fo r  photoconduction 

(4 I (4 
2.5 
1.9 

0.65 t o  0.7 
0.65 

0.7 t o  0.75 
0.75 to 0.8 
0.8 t o  0.85 

1.2 
0.8 
0.75 - 

0.7 to 0.75 

2.3 

0.80 

0.76 
0.85 
1.14 
1.20 
0.88 
0.84 
0.85 
0.93 

- 

0.74 

TABLE 4b. 
(ACCORDING 

COMPARISON OF TBERMA3; AND OFTICAL EXCITATION ENERGIES 
TO VARTANYAN, REF. 176) 

Material 

Malachite green 
Fuchsin 
Crystal v io l e t  
Uranine 
Eosin 
Erythrosine 
Phloxine 
Rhodamine B 
Fluore see i n  
Try-paflavin 
Capri blue 
Thionine 
Indigo 
Pinacyanene 
Metal f r ee  phthalocyanine 
Copper phthalocyanine 
Zinc phthalocyanine 

1.67 
1.79 
1.78 
2.05 
2.30 
2.22 
2.07 
2.10 
2.44 
2.3 
1.67 
1.83 
1-75 
1.90 
1.7 
1.7 
1.7 

740 
690 
694 
603 
536 
566 
597 
9 8  
506 
536 
740 
675 
705 
650 
725 
725 
725 

Position of long wavelength 
absorption edge 

(nm) 

655 t o  750 
580 t o  700 
630 t o  PO 
510 t o  605 
520 t o  590 

578 t o  630 

700 t o  780 
650 t o  700 
660 to 720 
642 to 720 

685 t o  Po 

530 t o  600 
530 t o  600 

490 t o  530 
480 t o  540 

688 t o  790 

714 t o  810 

temperature-dependent mobility, but it i s  only va l id ly  explained by H a l l  e f f ec t  
measurements. Epstein and Wildi (ref.  35) f ind  a temperature independent car- 
rier concentration i n  one case for a poly copper phthalocyanine pyrolyzed a t  
4500 C. The measured exci ta t ion energy is then ident ica l  with the poten t ia l  
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Figure 20. The temperature de- 
pendency of d i rec t  current re-  
s i s t i v i t y  of metal-free phthalo- 
cyanine. Measurement on a single 
crys ta l  I to the b axis  1 1  (010) 
I (001) (according t o  Fielding 
and Gutman, ref. 31) 

bar r ie rs  between the molecules, which are  overcome i n  charge transport  by 
hopping processes. 

8.3 Concentration and mobility of the charge ca r r i e r  

I n  the simplest case, Many, Harnik and Gerlich (ref. 135) proceed from the 
f a c t  t h a t  the e f fec t ive  ca r r i e r  concentration must maximally equal the number 
of YC electrons.  I n  polycyclic aromatics 

The actual  value No i s  wri t ten a5 No = Q Nmm, a << 1. 

weak bonding forces i n  molecular crystals ,  Nmin w 1020 cm-3 can be repre- 

sented. 
cording t o  

Since there  are f514 - 

The available measuring values ( r e f s .  67, 106, and 136-138) are ac- 
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o = e p n ,  

Q = ep N,exp (- Elk T)' 

For the product pNo 

I ts  var ia t ions over 23 orders of magnitude must be conditioned by various 
mobili t ies.  Table 3 shows the values calculated by Many e t  al. ( ref .  133) 
f o r  the ca r r i e r  mobility, which s tand  i n  a cer ta in  re lat ionship t o  those of 
thermal exci ta t ion energy. 
of the charge ca r r i e r  from molecule to  molecule. 

This correlation is  evidence of a tunnel process 

The measurements presented i n  table 3 f o r  the d i f f e r e n t i a l  thermal voltage 
If there are no are drawn i n t o  calculation of mobility of electrons and holes. 

m r t h e r  measurements it i s  an open question whether there  i s  in t r in s i c  or  ex- 
t r i n s i c  conduction. 

I n  the area of i n t r in s i c  conduction, with application of the bands model 
f o r  i so t ropic  nondegenerate semiconductors, and neglecting the temperature 
dependency, f o r  E ~ v w e  have 

where a = d i f f e ren t i a l  thermal voltage, 
k = Boltzmann' s constant, 
e = elementary charge, 

ELv = energy difference between valence and conduction band, 

b = r a t i o  b / p p ,  

pn,p = mobility of e lectrons or holes, 

~ = effect ive mass of the charge ca r r i e r ,  
h = Planck's constant, 
n = ca r r i e r  concentration. 

With 

39 



and 

there  i s  found 

(ACCORDING TO M A N Y ,  3ARNIK AND GERLICH REF. 135) 

Material 

Cyananthrone 
Indanthrone black 
Ind anthrone 
Indanthrazine 
Flavanthrone 
Isoviolanthrone 
Violanthr one 
Isoviolanthrene 
Violanthrene 
Pyranthrone 
Pyranthrene 
Ovalene 
M-naphthodianthrene 
M- naphthodi anthrone 
Isodibenzanthrone 
Anthracene (single c rys ta l )  
Anthracene (powder) 
Anthracene ( f i b )  

Anthanthrene 
Anthanthrone 
Pentacene ( f i h )  
Perylene (film) 
Coronene 
Metal-free phthalocyanine 
Copper phthalocyanine 
5,6(N)-pyridino-l, 9-benzanthrone 
Hyd roviolanthrene 
Naphthalene (single c rys ta l )  

t Naphthacene (film) 

Thermal 
exci ta t ion 

energy 
(4 
0.10 
0.28 
0.32 
0.33 
0.35 
0.38 
0.39 
0.41 
0.42 
0.53 
0.54 
0.56 
0.60 
0.65 
0.75 
0.82 
0.83 
0.96 
0.82 

0.85 
0.86 
0.97 
1.15 
1.20 
1.30 
1.60 
1.70 
1.85 

0.84 

Calculated 
mobility 

(cm2/Vs) 

10-12 
10-12 

10- 6 
10- 6 

10- 7 

10- 9 
10- 9 
10- 9 
10-10 
10-8 
10-11 
10- 9 
10-5 
10-2 
10-4 
10- 4 

10-6 
10-2 
10- 2 
10-3 
1 

10 

10-3 
10-7 

102 
102 

(1011) 

R e f  e rence 
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With p conduction, a! i s  

and with mixed coduct ion 

Pohl and Engelhardt ( ref .  33) use equations (17) and (18) f o r  the measure- 
ment of the Seebeck coeff ic ients  of various polyacene quinone rad ica l  polymers 
and obtain f o r  the mobility r a t i o  values of 0.47 t o  1.04 i n  the case of i n t r i n s i c  
conduction and the mobili t ies presented i n  tab le  6. 
of the d i f f e r e n t i a l  voltage lda/dTl l ies  i n  the  range of a few pV/degree. /516 

The ex t r in s i c  conduction model leads t o  impurity concentrations of f024cm-3 and 
i s  not applicable here. Hamann and Starke (ref. 84) f ind,  i n  application of 
(16) and (17) t o  thermal voltage measurements, modifications of the mobility 
r a t i o  of metal free phthalocyanine from 0.35 t o  1-07  ( table  6 ) ,  but they w e r e  
unable t o  show any temperature dependence of the Seebeck coefficients.  

The temperature dependence 

Slough (ref .  107) obtains an increasing ca r r i e r  concentration f o r  polyvinyl- 
naphthalene complexes i f  the acceptor content increases, whereby simultaneously 
the c a r r i e r  mobility decreases (table 6). 
trapping of charge car r ie rs  rin the acceptor molecule. The use of weaker ac- 
ceptors (chlorani l )  increases mobility. Almost without exception polymers, 
heterocyclics and complexes present a posi t ive d i f f e ren t i a l  thermal voltage. If 
the r e su l t s  are interpreted i n  the l i g h t  of the model of an i n t r i n s i c  conductor, 
there  are  mobil i t ies  f o r  holes t h a t  are up t o  t r i p l e  those of electrons.  
absolute values thus found f o r  mobilities are often below the present l imi t  f o r  
detection of the H a l l  e f fec t .  Sehr e t  a l .  (ref. 78) f ind  a temperature depend- 
ence of the Seebeck coeff ic ient  
chlorani l ,  with an increase i n  proportion t o  the r i s e  i n  temperature and ex- 
ceeding of a maximum (f ig .  a). 

He concludes t h a t  there i s  increasing 

The 

(-60 ... + 30° C )  f o r  3,8-diaminopyrene 

The scant number of Hall effect  measurements thus far available cannot 
give a complete picture.  The most valuable data on charge t ransport  are t o  be 
anticipated from these studies however. Epstein and Wildi  ( re f .  35) measure 
the Hall effect  of pyrolyzed poly copper phthalocyanine i n  the temperature range 
of 25O t o  450' C. 

(w 4000 G )  and current density (w 8 X 

The Hall voltages a re  proportional t o  the magnetic f i e l d  

A/cm2). 
.. . 
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TABLE: 6. 
SEMICONDUCTORS AT ROOM TENPE3MTJRX 

CON-ATION AND MOBILITY OF CHARGE CARRIERS I N  ORGANIC 

2 

Material 

Mobility fron them0 
e l e c t r i c  measurement 

Polyacene quinone 
radical  polymers 
(PAW ) witin: 

Dibenzpyrene 
Pyrene (3060 C )  
Pyrene (2530 c) 
Phenanthrene 
Anthracene 

M e t  61 -free 
phthalocyanine: 

a-Modification 
a-Modification 

(sublimated) 
B, a-Modification 

B-Modification 
f3-Modification 

y-Modification 
(ground 1 

Polyvi nylnaphthale ne 
complex with: 

Te t racyanoe thylene 
1/2 (Tetracyano- 

ethylene ) 
Chloranil 

Hall mobili t ies 

Poly- copper- 
phthalocyanine 
Metal- f ree 
phthalocyanine, 
B-Modification 
Copper phthalocyanine ~ 

B-Modif i cation 
Copper phthalocyanine, 
&Modification 

I 

0.41 
6.2 io- 
1.7 . io- 
3.1 * 10- 
2.1 - 10- 

;6 

0.074 

0.18 

0.19 
3 

3.1 10- 

- 
- 
- 

0.39 
7.5 ' lo-: 
1.8 1 0 - i  
4.5 . lo-: 
4.3 - lo-: 

160 

0.19 E 

2.9 10-4 
0.18 

0.53 
26 

10-6 

10-2 
10 

42 

nn (cm-3) 

2.8 * 106 

1.2 * 108 
5.2 109 
1.6 103 

3.5 105 
1.6 107 

= np 

?. . .12) * 106 

1 

"p 
(cm-3 

= nn 
= nn 
=nn 
= nn 
= nn 

= nn 

= nn 
= nn 
= nn 

= nn 
= nn 

1015 

1012 
108 

Reference 

I 

1 
I 

I 
I 

C843 I 



Material 

Mobili t ies from 
p'aotoelectric 
me a surement s 

Anthracene s ingle  

CTtta?c-axis 

I t o  ab-plane 
f I t o  ab-plane 
p- Te  rphe nyl 

0.54 f 0.03 

0.3 
2.0 
- 

0 . 9  f 0.04 
2.3 
0.4 
1.3 

2.5 10-2 

nP 

(em-3) 
Reference 

For pyrolysates thermally heated up t o  350° C the Hall coeff ic ient  i s  
pronouncedly temperature dependent, which phenomenon must be a t t r ibu ted  t o  the 
degassing of the product i n  vacuum. Products pyrolyzed a t  4500 C show a t e m -  

perature constant H a l 1  coeff ic ient  of 103 cm3/As. 

I n  i n t r i n s i c  conduction, f o r  nondegeneration of the energy bands as /518 
w e l l  a s  f o r  privileged s c a t t e r  through single phonon processes (purely thermal 
s ca t t e r )  

i s  val id ,  whereby R i s  obtained from 

where E = f i e l d  strength on the  Hall probes, Y 

H, = magnetic f i e l d  strength, 

i, = current through the Hall probe. 

For excess ( U )  or  deficiency (22)  conduction there i s  found 
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n 
at 

Temperature (“c) - 
Figure 2L. Temperature dependence of the Seebeck coeff ic ient  
of 3,8-diaminopyrene chLorani1 (according t o  Sehr e t  a l . ,  ref. 78). 

The value calculated according t o  (20) with % >> CL, i s  presented i n  tab le  6. 

Delacote end Schott (ref. 38) obtain a temperature dependence of ca r r i e r  
mobility 

from Hall e f fec t  measurements on copper phthalocyanine. Heilmeier and Harrison 
( re f .  39) measure Hall mobility of copper phthalocyanine s ingle  c rys ta l s  i n  
magnetic f i e l d s  of 6500 G. 
H a l l  voltage a t  373O K. 
tu re  dependence of conductivity. This behavior can be interpreted through 
donor terms of 1.6 eV below the conduction band o r  acceptor terms of 1,6 e V  
above the valence band (ELV = 2 eV). 

Ohmically, polycyclic aromatics are especially high. 
voltage experiments are not lm&m thus f a r .  
anthracene (refs. 40, 41, 69 and 139) according t o  the capacitor method (c f .  
7.5). 
move l i k e  electrons and holes i n  the e l e c t r i c  f i e ld .  The mobil i t ies  of both 
kinds of ca r r i e r s  are temperature dependent (see f ig .  22) and anisotropic 
( table  6). 

They find a reversal of the negative sign of the 
A t  the same time a break i s  observed i n  the tempera- 

The defects are  induced by oxygen. 

Hall e f f e c t  and thermal 
Mobili t ies have been measured i n  

Photoinduced ca r r i e r s  are formed i n  a super f ic ia l  layer  of 10 pm and 
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Figure 22. Temperature dependence of 
mobili t ies of electrons and holes i n  
anthracene. Measurement on a single 
c rys ta l  I t o  the ab-plane (according 
t o  Kepler, r e f .  40). 
0 ,  Holes. 

0, Electrons; 

8.4 Trap concentration and t r a p  depth 15x9 
I 

? 

In organic molecular c rys ta l s  of p type ,  holes can be injected through an I 

ohmic anode. 
(ref. 140) use the electrolyte-electrodes of Kallmann and Pope (refs. 104 and 
141). 
the aromatic to tbe iodine i s  bound with an energy gain. 
c rys ta l  the t rans i t ion  from a current density i n  which obeys O h m ' s  law, t o  

For anthracene, p-terphenyl and p-quaterphenyl, Mark and Helfrich 
I 

I n  special  cases the t ransfer  of an electron from the valence band of I 

For a trap-free 

-w < -* 
space charge-limited current density iR occurs a t  Vm, 5 w nop. 
ing are valid 

The follow- 

where n = concentration of holes i n  thermal equilibrium, OP 

I+, = concentration of injected holes, 

Vm = t r ans i t i on  voltage, 

e = elementary charge, 
8 = ( re1a t ive)d ie lec t r ic  constant, 

eo = influence constant, 

d = electrode distance, 
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"p = hole mobility, 

V = applied voltage, 
H = t r ap  concentration. 

For molecular c rys ta l s  with traps,  equations are valid t h a t  are presented i n  
reference 140. The current density iH here is  

(Tc characterizes the t rap  dis t r ibut ion,  T = temperature i n  degrees K). 

- For n < "p < nH it i s  found that  i n  t h i s  area absolute values and volt-  
OP 

age dependence of the current through t r a p  concentration and d is t r ibu t ion  can 
be determined. 

P A second t r ans i t i on  in  the case n fi: nH is found, i.e., a l l  

t raps  are occupied. 
voltage Vm (f ig .  23): 

Here iH again joins iR. This t r ans i t i on  i s  found a t  a 

No, e f fec t ive  s t a t e  density i n  t h e  valence band. Vm f o r  1 -)a (equiva- /52O 

l e n t  with a uniform dis t r ibu t ion  of trapped space charge i n  the c rys t a l  volume) 
i s  converted t o  ( ref .  142) 

Using the above equations, and Frah measurements of the current-voltage 
character is t ic ,  and a n d y s i s  of the deformation of square-wave voltage pulses 

on passage through the crystal ,  t r ap  concentrations of 1013 cm-3 w e r e  found 
f o r  anthracene and p-terphenyl. 
cupied t r a p  l eve l  a t  T = 0, is 0.45 eV f o r  p-terphenyl (test voltage 80 V) and 
0.p e V  f o r  anthracene ( t e s t  voltage 74 V )  over the  uppermost edge of the 
valence band ( r e f .  140). 

The quasi Fermi level ,  i . e . ,  the highest oc- 

Heilmeier andWarfield ( re f .  143) measure the current-voltage charac te r i s t ic  
of single crystals of metal free phthalocyanine. The ohmic behavior i s  evident 

f o r  the  dark current i D  of 15 t o  10 4 V. Above t h i s  range current iD - V2. The 

photocurrent i s  proportional t o  the voltage t o  3.6 104V/cm ( l i m i t  of 
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Figure 23. Complete current voltage 
character is t ic  of space charge-limited 
currents (according t o  Mark and ffelfrich 
ref. 140). 

measurement), which i s  an indication of a ca r r i e r  mobility t h a t  i s  independent 
of f i e l d  strength. The measurement, according t o  equations (23) t o  (27) shows 

t r a p  concentrations of 1$* t o  lG4 cm-3, a concentration of free charge car- 

riers of lo6 t o  107 cm-3, and a t r a p  depth of 0.8 eV below the conduction band. 
This scanty t rap  concentration i n  the organic molecular c rys ta l  is inconsistent 
with similar values i n  much purer inorganic crystals .  Metallic impurities of 
the order of magnitude 0.1 percent appear t o  be neither the basis f o r  t r aps  nor 
charge ca r r i e r  sources. 

Devawr, Schott and Lazerges (ref. 14.4) determine the in tens i ty  dependence 
of photocurrents i n  copper phthalocyanine single crystals .  They find a t  the  
surface iph - JI (I = l i g h t  intensi ty)  and deduce from t h i s  the existence of 

t raps  between the valence band and the Fermi level.  

iph varies as Vl-5. 

space charge-limited currents (ref.  143). 

With the applied voltage 

Gray gives the equation f o r  temperature dependence of 

8.5 The anisotropy of the e l e c t r i c  conductivity 

The anisotropy of transport  magnitudes of organic molecular c rys ta l s  was 
determined i n  only a f e w  cases heretofore. The measured values available 
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often show signif icant  direction-dependence which can be qua l i ta t ive ly  explained 
by c rys t a l  structure.  

Kronick and Labes (ref. 79) measure the conductivity of diaminodurene 
chlorani l  (1:l complex) i n  three directions (X, Y, -Z) which are perpendicular 
t o  each other. The c rys t a l s  had the form of needles o r  t h i n  plates .  Since 
the crystallographic data  were not yet determined, the correlat ion of the X-, 
Y-, Z-axes to the c rys t a l  axes was not possible. 
shown i n  table  7. A stronger anisotropy was found f o r  lJ5-diaminonaphthalene 
chloranil .  The anisotropy of the Seebeck coeff ic ient  c m  be estimated from the 
comparison of the measured values of single crys ta l s  and polycrystall ine mate- 
rial. Kepler, Biers tedt  and Merriefield (ref. 29) find a pronounced anisotropy 
of conductivity and an i so t ropic  exci ta t ion energy fo r  the t e t r a  cyanoquinone 
dimethane complex [(C$5)3NB1+ [TCNQI- [TCl!7Q]o. 

an isotropic  conductivity f o r  anthracene c rys ta l s  i n  the  ab plane a t  1180 C 

the ab plane, the  conductivity i s  lower by one order of magnitude. In  
naphthalene single c rys ta l s  there i s  conduction i n  the ab plane which i s  
higher by only a f ac to r  of 2, compared t o  t h a t  i n  a d i rec t ion  perpendicular 
there to  (ref. 106). 
the charge ca r r i e r  f o r  anthracene, also i n  the ab plane. Perpendicular and 
p a r a l l e l  t o  the ab plane there was a reversal of the r a t i o  of mobility of elec- 
trons and holes (see table  6). 

The measuring method i s  

Mette and Pick (ref. 67) give 

with a deviation < 10 percent of a median value. Perpendicular t o  /522 

Kepler (ref. 40) f inds  a s l i g h t  anisotropy of mobility of 

8.6 Concentration of unpaired spins 

Even a t  an ea r ly  stage of the study of organic semiconductor compounds, 
s ignif icant  concentrations of unpaired electron spins were observed i n  these 
substances by measurements of paramagnetic e lectron resonance (PER). The 
resonance l i nes  of a few oersteds width are  near a g fac tor  of 2.0036, which 
value is an indication of displaced electrons. In  the meantime there  have been 
many s tudies  i n  t h i s  f i e l d  ( refs .  29, 33, 56, 64, 78, 101, and 146-19). It 
was the object of many measurements to  f ind  a correlat ion between conductivity 
o r  charge carrier concentration and spin concentration. Where the poss ib i l i t y  

of comparison existed,  spin concentrations i n  the range of 1017 t o  1023 g-l 
exceed charge ca r r i e r  concentration by many orders of magnitude. 
riers and spin concentration are  temperature dependent f o r  the  most pa r t  i n  
d i f f e ren t  ways. 
t i on  and conductivity i n  some cases. 

Charge car- 

Nevertheless there  i s  a correlat ion between spin concentra- 

Sehr, Labes e t  a l .  (ref.  78) were able t o  show f o r  molecular complexes 
tha t  the concentration of spins and charge ca r r i e r s  i s  unrelated ( tab le  8).  
The charge ca r r i e r  concentration was calculated from the conductivity by the 

assumption of a charge ca r r i e r  mobility of 10-3 cm2/Vs. 
100th molecule car r ies  an unpaired electron. 
low conductivity of a,a-diphenyl-&picryl hydrazyl with one unpaired electron 
per molecule i s  charac te r i s t ic .  

Only every 5th t o  
I n  this connection the r e l a t ive ly  

Unpaired spins i n  molecular complexes are  
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considered t o  be the basis  of bonding with strong ion components. 
l i nes  are  evidence of a strong exchange ef fec t .  The concentrations i n  question 
are of the same order of magnitude only f o r  the perylene-iodine complex. 

The narrow 

Singer and Kommandeur (ref. 150) f ind i n  the case of the pyrene-iodine 
complex t h a t  the concentration of unpaired spins and the conductivity have an 
expmentfal  temperature dcpcndeoce v i th  apprmiuiately the same exci ta t ion 
energy. 
indicat ion of trapping of electrons.  

A t  lower temperatures the spin concentration i s  constant, which i s  an 

Berlin e t  a l .  ( refs .  55 t o  99) indicate unpaired spins of 7.017 t o  1019 g-1 
for polymer concentrations. 

polymers. 
l ec t ive  exchange of unpaired electrons i n  conjugated polymers, there i s  a broad 
s ignal  (500 t o  1000 Oe) i n  addition t o  narrow l ines .  
taken by Berl in  t o  be biradicals  which are  seated on especial ly  large polymer 
molecules. 
polymerization ( re f .  4b). 

The narrow PER signal  also occurs i n  dissolved 

For one unpaired electron there  are LO t o  107 molecules. With col- 

The unpaired electrons are 

With thermal treatment the number of such molecules i s  increased by 

8.7 C a t d y t i c  properties 1523 

Organic semiconductors have ca ta ly t ic  properties.  The first s tudies  
showed t h a t  high ca ta ly t ic  a c t i v i t y  can be achieved, similar t o  t h a t  of inor- 
ganic semiconductor ca ta lys t s .  
and i t s  complexes can have a ca ta ly t ic  e f f ec t .  
t h i s  connection (ref. 159) as ea r ly  as  1938. 
brought i n t o  the picture .  
semiconductor ca ta lys t s  open up new poss ib i l i t i e s ,o f  heterogeneous catalysis.  
They are distinguished from inorganic ca ta lys t s  inhthat  they have select ive 
ac t iv i ty .  It can thus be shown tha t  pyrolyzed polyacryloni t r i le  decomposes 
hydrogen peroxide, hydrazine hydrate and formic acid, but i s  completely inac- 
t i v e  with respect t o  alcohols. 

It has been known f o r  a long t i m e  t ha t  hemin 
Cook studied phthalocyanine i n  

Polymers have recent ly  been 
Topchiev (refs. 112 and, 162) points out t h a t  organic 

Nesmeyanov e t  a l .  ( re f .  16) obtain semiconducting polymers by dehydro- 
chlorination of methylfkhlorvinyl ketones. 
ac t iv i ty  f o r  the oxidation of toluene. 
t h a t  of act ive charcoal. 

These products have high ca ta ly t ic  
The ac t iv i ty  i s  three times as  great  as  

8.8 Molecular subst i tut ion l a t t i c e  defects 

A s  shown i n  section 6.3, it i s  possible t o  dope organic molecular c rys ta l s  
of a high degree of purity.  
e l e c t r i c  properties exc i tes  l i v e l y  in te res t  (refs. 53, g, and 163-166). 
Northrop and Simpson (ref. 53) d i s s o l v e  naphthacene, pentacene, perylene and 
anthanthrene i n  a mol r a t i o  of 1 : l O O O  i n  highly purif ied anthracene, pyrene or  
chrysene. 
base substance are found, and a t  l o w  temperatures an exc i ta t ion  energy appears 
whose value is  determined only by the type of impurity, and not by i t s  concen- 
t r a t ion .  

The e f fec t  of the doping upon e l e c t r i c  and photo- 

A t  high temperatures the thermal exci ta t ion energies of the pure 

The posit ion of the t rans i t ion  from ex t r in s i c  t o  i n t r i n s i c  conduction 



Figure 2k. 
on mobility of the charge ca r r i e r  i n  
anthracene (according t o  Hoesterey and 
Letson, re f .  163). 

Effect of naphthacene doping 

i n  the log a- l /T diagram i s  dependent upon concentration. 
( re f .  163) investigated the formation of t r aps  by anthraquinone, anthrone and 
naphthacene i n  zone-refined anthracene. 

Hoesterey and Letson 

Naphthacene ac t s  as an impurity t r a p  0.43 e V  above the valence band with 

a t r a p  cross section > 10e15 em2. 
t i e s  determined according t o  the capacitor method v a r y  as a function of con- 1524 
centration i n  a sol id  solution of naphthacene i n  anthracene. Akamatu and 
Inokuchi ( r e f .  164) describe measurements on a violanthrene iodine 2 complex, 
the conductivity of which i s  strongly dependent upon the iodine content and 
which passes through a m a x i m u m  a t  a (1:l) composition. 

Figure 24 i l l u s t r a t e s  how the charge mobili- 

By doping with iodine, 

tetracyanoethylene or  chlorani l  (3.5 x lf5 mol percent) the dark current of 
violanthrene is increased by 3 to  6 orders of magnitude ( r e f .  166). I n  mag- 
nesium-phthalocyanine, according t o  Putseiko ( re f .  97) electron t raps  develop 
through addition of e lectron acceptors. 
of amorphous and microcrystalline Mg-Pc by two or  three orders of magnitude. 

Quinone increases the photosensit ivity 

8.9 Adsorbed gases and vapors 

Gases and vapors a f f ec t  dark and photoconduction a t  the surface of organic 
semiconductor compounds. The systematic invest igat ion of t h i s  e f f ec t  contributes 
substant ia l ly  t o  the understanding of the mechanism of conduction (refs. 25, 
106, 123 and 167-178). 

Compton, Schneider and Waddington (refs. 170 and 173) studied the e f f ec t  
of various gases and vapors on the  photo and dark conductivity of anthracene. 
The acceptors C12 and NO2 increase the photo and dark currents but lead t o  



TABLE 9. 
(ACCORDING TO NORTHROP AND SIMPSON, ref. 53). 

TFERMAL EXCITATION ENERGY (I% eV) OF SOLID SOLUTIONS 

Basic material  

k th racens  
Pyrene 
Chrysene 

Impurity 

Naphthacene Pent ace ne Perylene Anthanthrene 

1.23 0.95 1.3 1.12 
1.25 1.03 1.61 1.16 
1.26 1.02 1.57 1.16 

chemical reactions with the molecular c rys ta l .  

vers ibly adsorbed and a c t  i n  the  same way. 

C g 5 0 H ,  H20 lower photoconductivity reversibly. 

BF3, HC1, SO2, NO, O2 are re- 

Donors "3, (CH3)3N, ( C f i ) 2 0 ,  

C02, N2, A r ,  (CH C are 3 4  
ine r t .  

Naphthalene becomes ex t r ins ica l ly  conductive through the e f f ec t  of 02 

adsorption, with a thermal excitation energy of 1.5 e V  ( in t r in s i c  conduction 
value 3.6 eV) (ref.  106). Oxygen i s  not dissolved i n  naphthalene even a t  a 
partial  pressure of 1 a t m ,  but becomes localized inhomogeneously a t  l a t t i c e  
defects (ref. 172). Copper phthalocyanine s ingle  c rys ta l s  behave qui te  d i f -  
ferent ly ,  t h e i r  surface photoconductivity being increased by the e f f e c t  of a 

1 atm oxygen pressure t o  only 1.12 t o  1.16 times the value obtained a t  10-6 
T o r r  high vacuum (ref. 144). 

Kuroda and Flood showed tha t  m-dinaphthanthrene which has an exci ta t ion 
energy of 0.74 eV i n  the in t r in s i c  conduction range becomes ex t r in s i ca l ly  con- 
ducting with 0.40 e V  by the e f f ec t  of oxygen. The m-dinaphanthrone which con- 
ta ins  two oxygen atoms extends i ts  in t r ins ic  conductive range under oxygen t o  
lower temperatures ( re f .  17'7). 

reversibly changes i ts  resistance from 1.1014 t o  &lo6 SI i n  a saturated bromine 
atmosphere there occurs a chemical reaction which leads t o  a decomposition of 
the Cu-Pc single c rys ta l ,  as is the case under KC141 vapor (ref. 167). 
Vartanyan (ref. 125) observed t h a t  oxygen increased the photoconduction of 
try-paflavin. 
plained i n  terms of photosorption, whi le  i n  the  shortwave region photochemi- 
ca l  reactions are a l so  involved. Methylene blue (ref .  169) i s  converted t o  
the reduced form (leukomethylene blue) when t rea ted  with hydrogen sulf ide and 
water, the dark current of leukomethylene blue being much reduced i n  comparison 
t o  t h a t  of the s t a r t i ng  substance. Reversals of the sign of the charge ca r r i e r  
are possible through the action of electronegative and electroposi t ive gases. 
Through measurements under vacuum or i ne r t  gases, reproducible conditions can 
be established and environmental e f fec ts  on the measured values can be 
eliminated. 

While copper phthalocyanine i n  iodine vapor 

1525 

I n  the longwave region of the v i s ib l e  spectrum the e f f e c t  i s  ex- 



9. Possible Applications of Organic Semiconductors 

The above discussion has shown t h a t  there are  convincing arguments i n  
favor of the concept of organic semiconductors, but t h a t  f o r  a valid explana- 
t i on  of conduction processes i n  organic so l ids  fur ther  work must be done. 

Building on the mathematical relationships so f a r  worked out,  f irst  s teps  
c m  be taken t o  find possible aFplications for organic seaiconductor compoun&. 

9.1 Organic photodiodes and photocells 

i n  publications and i n  the patent l i t e r a t u r e  there i s  agreement on extra-  
ordinar i ly  simple methods f o r  the preparation of organic photodiodes and 
photocells ( refs .  96, 124 and 179-185). 
semiconductors of p o r  n type and desired form can be produced by pressure 
processes, and brought in to  contact with an organic substance which because of 
its donor or acceptor properties leads t o  the formation of a bar r ie r  layer .  
Also it i s  possible t o  form p-n t rans i t ions  by doping a base sol id  of uniform 
chemical s t ructure .  The character is t ic  magnitudes of such devices, such as 
no-load voltage, short  c i r cu i t  current o r  maximum delivered output are not yet 
adequate for technical purposes. 

Polycrystall ine o r  amorphous organic 

Kostelec (ref. 184) prepares thin polycrystall ine layers  of phthalene and 
triphenyl methane dyes and contacts with conductive glass.  If the photocell i s  
illuminated by a 100 w a t t  tungsten lamp 10 cm away f r o m  the dye surface, there 
i s  a no-load voltage Uo = 100 mV over the layer. There i s  a short-circui t  cur- 

rent of io = 0.3.10-9 A/cm*. A ba r r i e r  
layer  i s  formed between the dye and a surface layer, the thickness of which is  
determined by the absorption coefficient f o r  the region of the spectrum used. 
Inokuchi, Maruyama and Akamatu (ref. 183) vaporize aromatics on an electrode 
and contact the f r ee  surface light-permeably with noble m e t a l s ,  zinc oxide or 
a l k a l i  metals. Upon illumination, photovoltages occur between the aromatic 
and the illuminated electrode 

The maximum output Nmax = 6-10-10 W. 

(I?oble metal contacts: Uo 5 20 mV, 1526 

= Nmax 

0.1.. .1 V. 

an a l k a l i  metal-aromatic combination can be explained on the basis of complex 
formation of an outer layer  and the occurrence of a pn bar r ie r  layer.  

W, zinc oxide contact Ug = 20 . . . 430 mV, a l k a l i  metal contacts 

Nm, = 10-8 . . . W). The r e l a t ive ly  high no-load voltages f o r  

Organic p-n layers  also occur through the contact of merocyanines and 

triphenylmethane dyes (ref .  182). With a quantum yield of 10-2, photocurrents 

i = 10-7 A occur which are free 

electrode material. The p and n 
prediction of current direct ion.  
Fermi level ,  with development of 

0 
of ine r t i a  (< 10-2 see)  and independent of 

character of the dyes makes possible correct 

a space discharge. I n  the e l e c t r i c  f i e l d  of 
Between the dyes there  i s  a balancing of the 
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the surface layer  the photo-induced p a i r s  of electrons and holes are separated. 
Experiments with CdS-dye layers  a l s o  afford an evaluation as p-n photocells, 
with a no-load voltage of 4 t o  250 mV ( re fs .  180 and 181). 

W i l d i  and Epstein (ref. 124) u5e 1 mm thick pressed layers  of poly copper 
phthalocyanine which stoichiometrically presents a copper deficiency and which 
i s  n conductive. 
the e f f e c t  of omgen, ozone, bromine, sulfur, selenium and teliurium. 

A p conducting surface layer  i s  formed by copper excess o r  by 

Calvin and Kearns (refs. 96 and 179) patented a solar  ba t te ry  consisting 
of a pressed t a b l e t  of magnesium phthalocyanine and a layer of tetramethyl-p- 

phenylene diamine (Elmu = 3-10-12 W, Uo = 200 mV).  

9.2 Organic r e c t i f i e r s  

Vp t o  the present, barrier e f fec ts  have been found i n  only a few cases 
with semiconductors. Two methods were applied. 
layers  are placed between organic semiconductors of d i f fe r ing  types of con- 
duct ivi ty .  
p and n conducting polyacrylonitri le ( r e f .  114) and f o r  pressed-together 
layers  of copper phthalocyanine and chlorine-indium chlorine-phthalocyanine 
(ref. 186). 
semiconductors and metal contacts. Baak and Nolta (ref. 187) showed t h a t  
polycrystall ine &phthalocyanine which was t reated with a few drops of a polar  
solvent (H$O4, "03)  has bar r ie r  e f fec ts  i n  an arrangement with two m e t a l  

I n  one case the p-n ba r r i e r  

According t o  t h i s  method. s l i g h t  bar r ie r  e f f ec t s  were found between 

In  the other  case barr ier  layers can be b u i l t  between organic 

contacts. 
s is tance direct ion.  
of the bar r ie r  properties.  
modification of metal-free phthalocyanine and copper phthalocyanine (T = 300° K, 

e = 4 . 8 0 1 0 ~  h2 cm, E = 0.66 eV, a = +PO pV/degree) t o  prepare a r e c t i f i e r .  
The polycrystall ine material  i s  pressed t o  tab le t s ,  provided on one side with 
a metal surface contact and contacted on the opposite smooth surface with 
metal points.  The r a t i o  of the low resistance current t o  inverse current i s  
maximdly 3 0 0 0 ~  (system ~g surface, PC, Al points).  In  a simple diode c i r -  

cu i t  these devices a c t  as r e c t i f i e r s  f o r  a l ternat ing current up t o  lo4 Hz. 
The l i m i t i n g  of the r e c t i f i e r  e f f e c t  a t  high frequencies i s  t o  be a t t r ibu ted  
t o  the e f f e c t  of a high p a r a l l e l  capacitance of the point r e c t i f i e r .  

I n  these devices the less noble metal is  negative i n  the low re- 
Increase of temperature leads t o  a rapid deter iorat ion 

Hamann (ref. 186) uses mixed crys ta l s  of the a- 

--- 
9.3 Thermoelectric s t ruc tu ra l  elements and other p o s s i b i l i t i e s  f o r  use /527 

I n  addition t o  the application as photocells and r e c t i f i e r s  i n  the low 
frequency ranges, it appears t ha t  ways w i l l  be sought t o  i.ntroduce organic 
semiconductors as thermoelectric s t ruc tura l  elements ( re fs .  30, 35, 110 and 
188). Polymers t h a t  are produced by reaction of pyromellitonitride and hy- 
drogen sulf ide o r  methanol have a specific res is tance t o  2 t o  1000 hl cm, See- 
beck coefficient a = -150 t o  + 9 pV/degree, and heat conductivity 
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)L = 5-10-3 t o  1.1W2 W/cm-degree. 

merit of 4-10-1* t o  2*10’8 ( re f .  188). 

From these values there follow f igures  of 

The favorable spec t ra l  sens i t iv i ty  of organic photoconductors ( re f .  4) i n  
UV, v i s ib le  and IR can lead t o  the i r  use as radiat ion detectors  i n  specif ic  
spec t ra l  regions. 

Other research concerning selective a c t i v i t i e s  of organic semiconductor 
ca ta lys t s  opens poss ib i l i t i e s  f o r  synthesis of enzyme type catalysts .  

10. The Importance of the Research F i e l d  and i t s  Future 

I n  the future, precision measurements of anisotropic t ransport  magnitudes 
i n  molecular c rys ta l s  w i l l  be needed which w i l l  permit confirmation of theoret i -  
c a l  statements. The theory of charge transport  i n  organic so l ids  must be so 
bu i l t  t h a t  conduction processes i n  pa r t i a l  c rys ta l s  or amorphous materials can 
be completely included. Organic chemistry w i l l  be stimulated by the r e su l t s  
already attained t o  develop new semiconducting organic substances, and so modify 
them t h a t  e l e c t r i c a l  charac te r i s t ics  w i l l  be obtained t h a t  maximally approximate 
the requirements of the physicist .  
par t icu lar ly  valuable which would combine the outstanding mechanical and ther-  
m a l  properties ( e l a s t i c i ty ,  thermoplasticity, low heat conductivity) of poly- 
mer insulators  with the properties demanded of a semiconductor. 
stances could serve i n  the form of plates,  sheets and filaments f o r  the manu- 
facture  of photocells, thermoelectric s t ructures  (thermal ba t te r ies ,  cooling 
elements, thermo elements). 

Samiconductor organic polymers would be 

Such sub- 

A s  has already been mentioned, the research results obtained on semicon- 
ductor properties of organic compounds are not l imited t o  the f i e l d  of invest i -  
gation and application of organic semiconductors alone. The most substant ia l  
influences are i n  c l a r i f i ca t ion  of important l i f e  processes i n  the animal and 
plant organism. If it i s  possible t o  grasp the mechanism of highly select ive 
ca ta ly t ic  reactions i n  the l iv ing  organism, there w i l l  be many new impulses i m -  
parted t o  the ca ta lys i s  of chemical reaction. 
t h a t  substances contained i n  exhaust gases are carcinogenic or  cancer stimulat- 
ing. 
t o r s  o r  semiconductors are present i n  t h e i r  s t ructure ,  o r  they have a very 
similar structure.  

It has been knawn f o r  some time 

The carcinogenic compounds known thus f a r  are e i t h e r  organic semiconduc- 

/528 Although of course there are  no phthalocyanine or  chlorophyll 
single c rys ta l s  i n  l iv ing  material, basic experiments on highly purified sys- 
tems of known stereostructure  must be performed. 

Final ly  l e t  me thank D r .  E. Rexer for  encouraging t h i s  work and f o r  h i s  
many valuable discussions. I thank Dr.  L. Wuckel and the colleagues of the 
Organic Semiconductors Working Group in  the Ins t i t u t e  f o r  Metal Physics and 
Pure Metals, Dresden, and M r s .  I. Storbeck, Mr. J. Heim and M r .  M. Stark for 
t h e i r  c r i t i c i sm and comment. 
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